
GRANT APPLICATIO!\! -._ . . --. -_----. 
-.*E ;It;CEI’JED 

-L!l;~;'ll:.l,c :< ,::i:l.. r IS! 
( L: Q  3 j ,'I '2 0 3 0 ? 1 i.,-.L _ _. _ 

..-.-_- -.____ -_--- ---- -- - __.-.- .._. --_._--. .------.. ~.. _-~--._-.-.-- __...__ --.. 

15th Congzessionsl Di.str.ict 



DEPARTMENT OF HEALTH, EDUCATION, AND WELFARE LEAVE BLANK ’ 

PUBLIC HEALTH SERVICE PROJECT NUMBER 

RESEARCH OBJECTIVES 
NAME AND ADDRESS OF APPLICANT ORGANIZATION 

The Regents of the University of California 
University of California, Santa Cruz, CA 95064 . 

NAME. SOCIAL SECURITY NUMGER. OFFICIAL TITLE. AND DEPARTh’lENT OF ALL PROFESSIONAL PERSONNEL ENGAGED ON 
PROJECT, BEGINNING WITH P N 

W, Todd Wipke 
wGAzbcarih Associate 

Associate Professor Chemistry Board of Studies 
Graham M. Smith Chemistry Board of Studies 
Hartmut Braun' none Research Associate Chemistry Board of Studies 
S. Krishnan none Research Associate Chemistry Board of Studies 
Glenn I. Ouchi Research Assistant Chemistry Board of Studies 

TITLE OF PROJECT 
RESOURCE-RELATED RESEARCH: BIOMOLECULAR SYNTHESIS 

USE THIS SPACE TO ABSTRACT YOUR PROPOSED RESEARCH. OUTLINE OBJECTIVES AND METHODS. UNDERSCORE THE KEY VJCflC 
(NOTTO EXCEED 10) IN YOUR ABSTRACT. 

k. The objectives of this resea ..‘ &-I are to develop the logical and heuristic principles 
of biomolecular synthesis and‘incorporate this information into a practical 
computer program to assist investigators in designing orqanic syntheses of complex 
biomolecules. Special emphasis is placed on stereospecific syntheses using the 
strategies involving steric effects, electronic effects, and strain energy, as 
well as svmmetrv, graph theory, and topoloqy. The methods involve computer 
qraphics input/output to the chemist, three-dimensional model building and 
analysis, strategic plan formation, selection of relevant chemical transforms, 
and evaluation of generated synthetic schemes. The project is an extension of 
the SECS Simulation and Evaluation of Chemical Synthesis program, and is proposing 
to collaborate with the Stanford SUMEX resource. 

LEAVE B LANK 4 
I 
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THROUGH ’ 

DETAILED BUDGET FOR FIRST 12-MONTH PERIOD October 1, 1976 September 3G, 197 
I 

I DESCRIPTION fhmizel AMOUNT REOUESTED (Omit cents) 
PERSONNEL 

TIME OR 
EFFORT 
WHRS. SALARY 

FRINGE 
NAME TITLE OF POSITION BENEFITS TOTAL 

PRINCIPAL INVESTiGATOR 

4.704 31 4.735 
12,105 1,816 13.921 
11; 598 1,740 1 ?.&a-- 11.147 1,671 17,814 c 

10.596 70 lG.GGE, 
4.031 602 4,613 

CONSULTANT COSTS 

Totals 60,156 5.970 66.126 

- 
0 

EQUIPMENT- (see at&&e&aent u.d-) 
I 
1 74,338 

- 

SUPPLIES Magnetic tape, electrostatic paper, movie film, office supplies 3.002 

I 
DOMESTIC 

TRAVEL 
Trips to Conference and SUMEX site 1,500 

FOREIGN One overseas trip to present paper and visit computer 
Syn~ni~cts round trl_o Swit7.- 

PATIENT COSTS (See instructions) 

1,500 

0 

ALTERATIONS AND RENOVATIONS 

0 

OTHER EXPENSES (ltemizel Two leased lines to SLNEX resource (4.500): n&l&&&n 
costs (3,000); manuals and documentation (lOGO): DEC maintenance of ecuipnent 
(8,000); Telephone equip. rental, lonqstance, nostaqe(2000); Compuger time 
1~1 360/40 (1,000); Disk drive lease-(6,120) 25,622 

TOTAL DIRECT COST (Enter on Page I, ltcm 5) * . . 
172,084 

DATE OF DHEW AGREEMENT: 
INDIRECT 

COST 
% S&W’ March 26, 1975 0 WAIVED 

(See instructions) 
34.2 ?& TDC’ Modified 0 UNDER NEGOTIATION WITH: 

‘IF THIS IS A SPECIAL RATE (2.g off-sifcl, SO li\lDlCATE. 
P_HS 39C e -I_ Pane ? 



BUDGET ESTIMATES FOR ALL YEARS OF SUPPORT REQUESTED FROM PUBLIC HEALTH SERVICE 
DIRECT COSTS ONLY (Omit Cents) ! I 

if 
D@SCRlPTlON 

121 I'EHIOO ADDITIONAL YEARS SUPPORT REQUESTED (Thisapplication only) I 
ISAME AS DE. r 

TAILED BUDGETI 2ND YEAR 3RD YEAR 4TH YEAR 5TH YEAR GTHYEAR ’ 7TH YEAS 

77,874 
I ?ERSONNEL 
( :OSTS 66,126 71,574 

( ZONSULTANT COSTS 
(Include fees, travel, etc.) 

I I 
0 0 

I I 
I I 

I EDUIPMENT . 74,338 
I 3,000 

SUPPLIES 
I I 

3,coo 3,000 

0 

I 
3,000 I 

I 3,000 1 I . 

PATIENT COSTS 
I 

.O 
I 

0 

ALTERATIONS AND 
RENOVATIONS 

0 0 

OTHER EXPENSES 25,620 26,000 

TOTAL DIRECT COSTS 1172,084 / 106,574 

1,500 
1,500 I 

0 

I 
0 ! 

I 
26,000 I 

I I I I I 

SECTION II - PRIVILEGED COr.lMUNICATION T, Wipke 

112,874 
! 
I 
I 

TOTAL FOR ENTIRE PROPOSED PROJECT PERIOD (Enter on Page 1, Item 4) - $ 391,532 
! 

REMARKS: Justify all costs for the first year for which the need may not be obvious. For future years, justify equipment costs, as r:M as any I 
significant increases in any other category. If a recurring annual increase in personnel casts is requested, give percentage. (Use contl’nustion 
page if needed. ) 

Budget Justification 

Personnel 

Summer salary is requested for Professor Wipke. Also, funds for three 
postdoctoral fellows are requested. Drs, Braun, Smith, and Krishnan are cur- 
rently working in this research group. These postdoctoral positions provide 
training to the students in computer synthesis and they provide a high level 
of chemical knowledge needed in this work. Support is requested for graduate 
student Glenn Ouchi,.who is already working on this project, and one other 
graduate student yet to be named. Graduate students are important to this 
project because they provide needed continuity. Additional programming as- 
sistance will be provided by undergraduates, especially by juniors and seniors 
continuing their research work during the summer. This provides many pre- 
medical students valuable computer experience. Also requested is partial sup- 
port (50%) of a secretary for typing manuscripts, documentation, and project- 
related correspondence with users. 

Salaries were figured to include anticipated 5% range adjustment in each 
new fiscal year plus normal promotions or merit increases when appropriate. 



EQUIPMENT LIST 
I 

--- - 

GT44 

DLll-E 

Graphics terminal 

Asynchronous link to host computer 

Interface to 9 track magnetic tape 
drive 

DDll-B 

LVllBA 

GP-3-3D 

Systems Unit Cage 

Electrostatic printer/plotter 

Graphic Tablet and model 1454 interface 

16mm movie camera with animation motor 

2 Teletype terminals (1 Data Media, 
1 Thermal Printing 

2 pair VA 3405 Vadic 1200 baud modems 
with VA 1601 enclosure and power supply 

Subtotal $70,130 

California State Sales Tax -6% 4,208 

Total Cost $74,338 

Section II - Privileged CommunicatiorContin"ation page T. Wipke 

$34,500 

595 

3,000 

275 

12,400 
s 

6,700 

4,000 

5,000 

3,660 
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Equipment 

i This project plans to use the SUMEX Resource at Stanford University (directed 
by Professor J. Lederberg, Department of Genetics) for computing, file storage 
and scientific collaboration. SUNEX is the Stanford University Medical Experimen- 
tal Computer System which has as its objectives the application of advanced com- 
puter science to the field of medicine and the exploration of collaborative inter- 
actions between active researchers in this area which are facilitated by computer 
networking. The Biomolecular Synthesis project described in this proposal is an 
application of artificial intelligence to chemical synthesis problems in medicine 
and consequently it has much in common with other projects at SUMEX. 

For the past 6 months we have been users of the SUMEX Resource over a leased 
and a dial-up line. File storage is a major problem at SUMEX. The total file 
space currently is 120 K pages (1 page = 512 words of 36 bits each) which is 
completely allocated. We have had an allocation of 4 K pages, but requested B K 
pages. To ease this problem for the entire SUiEX community, we request funds for 
an RP03 disk drive (20 K pages) to attach to the last available slot in the disk 
controller at SUMEX for a 17% increase in on-line storage, This is shown in the 
budget as a 3-year lease plan under category "other expenses". 

The remainder of the equipment requested is to facilitate efficient use of 
people and SUMEX from Santa Cruz. We have found graphical input and output to be 
the most efficient means of interfacing chemist to computer because structural 
diagrams are the natural language of the chemist. Since this project involves 
computer construction and analysis of three-dimensional molecular models, we have 
a need to be able to visualize these models, to rotate them, and to move atoms in 
three-space by hand (to change conformation). At Princeton Dr. Wipke developed 
a 3-D acoustic tablet for modifying such models and had available an LDS-1 disF.?ay 
system for rotation of the models. When he moved to Santa Cruz that equipment 
remained behind. Currently we are using a GT40 display which has a small SCIC~R 
(12") and is too slow to be able to rotate three-dimensional structures to create 
a kinetic depth effect. 

The requested GT44 graphics terminal is 3 times faster than the GT40 and can 
rotate small molecules (<72 atoms) in real time. Additionally it has a larger 
screen (17"). Since it is software compatible with the GT40, we will be able to do 
two-dimensional graphics on either terminal. Currently time is lost waiting to 
use the GT 40. This is because we are building on an operational graphics program 
and more time is spent in graphical debugging and testing. The GT44 would provide 
more available display time. The GT44 is also the more sensible terminal to which 
the requested peripherals can be interfaced. The two options 1) expand the existin 
GT40 to accommodatethe peripherals (software and hardware required) and 2) purchase 
GT44 and connect peripherals to GT44, are very close in cost. Option 2 provides 
two graphics terminals instead of one , gives us the needed 3-D capability, more 
flexibility in the event of hardware failure, and basically a more supportable, 
reliable system. 

The GP-3-3D is an acoustic 3-D tablet now marketed by Science Assessories. 
It is used for 2-dimensional drawing as well as 3-D moving of atoms and tracing of 
3-D models. It is really the only efficient way to change the conformation of a 
structure. We used one extensively at Princeton (the prototype) and are severely 
hampered now without it. It is a necessity for this work. 

The DLll-E asynchronous link connects the GT44 to the Vadic modem. Two pair 
of Vadic modems are requested, one pair for each of two leased lines connecting the 
two graphics terminals to SUMEX. That is, this grant would cover all the cost of 
communication right up to the SUNEX computer including the modems at SUNEX. Vadic 
modems seem to be extremely reliable. (TYMNET is also using Vadic modems.) 

The two teletype terminal- 3 are needed for routine text (s,iiting of programs. 
Although the market is changing rapidly, at this time a Dat: .dia terminal seems 

PHS-398 
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Continuation page 

a good choice, because it is the standard of SUMEX,  meaning maintenance is easier, 
and SUMEX suppor ts TV-edit which uses the capabilities of the terminal to advantage 
Theiother terminal would be a portable thermal printing terminal that could be 
checked out for remote use to encourage use during the graveyard shift. 

A  g-track magnetic tape drive from the University of California is available 
at no cost. Information Sciences here has designed and tested an interface. 
Funds are requested to duplicate their operational interface. This tape drive 
will allow us to rapidly transmit tq and.receive files from SUMEX, eliminating 
mail delays of several days. We have a number of infrequently used programs which 
can be loaded only when needed. 
grams requested by users. 

Also,we will better be able to send tapes of pro- 
The DDll-B Systems unit cage is needed for the tape 

drive interface. 
.The electrostatic printer/plotter is needed to provide rapid listings locally 

without again waiting days for the mail from Stanford to arrive. This device 
will be used also for graphically recording syntheses, plotting 3-D models, and 
preparation of documentation. It is quiet, and highly reliable with little main- 
tenance required, The high resolution model was selected because it is needed for 
plotting. 

The movie camera will be used'to film graphical results, for documentation 
and recording interaction as well as producing demonstration films  and teaching 
films. Fi lms are even superior to on-line demonstrations for presentations to 
large audiences and are essential to describing an interactive-graphics program. 

In years 02 and.03 
$3000 is for additional equipment, for example an additional teletype 

or inter-?,-r!-ve device such as- switches, knobs, or a color wheel for making color 
films of : graphical displays. 
_I ,,: _ 

Do;,,:. .c travel is needed for presenting the results of this work at national 
meetings a:id for travel to the SUMEX site. The DENDRAL and SECS projects have 
joint group meetings monthly. 

Foreign travel is requested to present the results of this work overseas at 
invited lectures. The Buergenstock Conference is especially important since it 
is coccerned mainly with stereochemistry. Additionally, Dr. Francois Choplin, 
Stras bourg, France, is modifying SECS for inorganic chemistry and periodic visits 
will be helpful in exchanging information relevant'to this project. 
Other Expenses 

The cost for two leased lines from Santa Cruz to Stanford (35 air miles) is 
an annual cost and includes installation. These are needed to obtain reliable 
high transfer rates for interactive graphics when the graphics terminal is remote 
from the host. Publication costs include costs of reprints, photography, and 
page charges. Manuals and documentation is to buy manuals and the cost of repro- 
ducing documentation which this project generates. Maintenance is standard 8 hour 
provided by DEC except for the RP03 disk which is 12 hour maintenance. All 
postage, telephone expenses,(rental and long distance) related to research are 
recharged to that research by the University. Computer time on the IBK 360/40 
is to cover magnetic tape utilities and miscellaneous computing related to this 
research. The lease of an RP03 disk drive is based on a three year lease. The 
disk drive will be physically located at the SUMEX facility at Stanford, but will 
be supported from this grant. 

HS-398 
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SECTION II -PRIVILEGED COMMUNICATION T. W&&e 

BIOGRAPHICAL SKETCH 
(Give rhe follotiing information for all professional personnel /@cd on page 3, beginning with the Principal Investigator- 

Use continuation pages and follow the Same general format for each person.1 

NAME TITLE BIRTHDATE Ihlo., Dzy, 1’r.j 

W. TODD WIPKE Associate Professor 16 December 1940 
PLACE OF BIRTH (City, State, Country) PRESENT NATIONALITY (lf non-U..% cifiien, SEX 

indicate kind of visa and expiration da to) 
St. Charles, Missouri USA U.S. I a Male 0 Female 

EDUCATION (Begin with baccabureate’trzining and incl:rde postdoctoral) 

DEGREE 
YEAR SCIENTIFIC 

INSTITUTION AND LOCATION CONFERRED FIELD 

I 
University of Missouri B.S. 1962 Chemistry 
University of California Ph.D. 1965 ! Chemistry 
Harvard University Postdoc 1967-69 $hfgknLry and Computer 

HoNoRS Sigma Xi, 1964; Phi Beta Kappa, 1962; University of Missouri, 1962 Honors in Chemistr! 
Distinguished Military Graduate 1962; Omicron Delta Kappa (-leadership and scholarship) 196: 
Pi Mu Epsilon (mathematics), 

-US-&rmv. 1967. 
1960; Sigma Rho Sigma (Scholarship), 1959; Commendation Medal, 

MAJOR RESEARCH 1N.i EREST ROLE IN PRi)?OSED PROJECT 

Organic Chemistry Structure and Synthesis Principal Investigator 
RESEARCH SUPPORT (See instructions) 

NIH GM 22990-01 Biogenetic-Like Cyclizations of Macrocyclic Polyenes $18,109 
IBM Fellowship for Krishnan Subramanian December '75 - June '76 8,000 
Merck, Sharp, and Dohme Fellowship September '75 - June '76 8,000 
Initial Starting grant from UC Santa Cruz (equipment only) 4,000 
Ortho Pharmaceutical (Application for support for chemicals) 1,000 

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting withpresentposition, list traininqandexperiencerelevant toarea ofproject ListaH 
or most representative publications. Do not exceed 3 pages for each individual.) 

1975- 
1969-75 
1967-69 

Associate Professor, University of California, Santa Cruz, CA 
Assistant Professor, Princeton University, Princeton, New Jersey 
Postdoctoral Fellow in Chemistry, Harvard University, Cambridge, 

Massachusetts, The Synthesis of Sativene and Related Natural 
Products. E.J. Corey 

Automatic Data Processing and Analysis Officer, US Army Combat 
Developments Command, Air Defense Agency, Fort Bliss, Texas 

NIH research assistant fellowship, University of California, Berkeley 
Graduate Work on Photochemistry of Transoid Dienes, Prof. W.G. Dauben, 

University of California, Berkeley 
Research Chemist, ESSO Research Engineering Company, Baton Rouge, : 

Louisiana (summer) 
: (1972 

1965-67 

1964-65 
196245 

1962 

Co-Chairman 
Member 

Member 
Member 

Consultant 
Director 

HHS-LID8 
Rev. ‘3-70 

ACS Symposium on Computer-Assisted Design of Organic Syntheses, April 1976 
National Academy of Sciences Committee to Establish a National Resource 

for Computation in Chemistry 1974-present 
Chemical Abstracts Advisory Board (1969-1972) 
Editorial Advisory Board of Chemical Substructure Index; Editorial 

Board, Computers and Chemistry, Pergamon Press; Editorial Board, 
Journal of Chemical Information and Computer Science, American Chemical 
Society 

Merck, Sharp, and Dohme, Squ-ibb, BASF 
#'Tl&$$~a~cz~ Stydv Inst on " qmputer Representation and Manipulation of arm- _. .tl~nr_ 1 5 I-Tn lan I. 
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Privileged communication Continuation page T- WinIce -. 

omputer Experience 

.T. Wipke 

Began using computers in 1962 at Berkeley, programming the IBM 7094 DCS System 
n FORTRAN and FAP/XAP to solve NMR analysis problems and photochemical kinetics 
roblems. Used the SDS - 910 system for exhaustive enumeration of all tricyclic 
.ndecanes. Spent two years as an Army Systems Analyst in Air Defense Agency, Fort 
liss, Texas, IBM 7094 at White Sands, New Mexico, and IBM 360 models 50 and 65, 
ttended IBM Syst.ems programmer school at Los Angeles, and learned techniques of 
imulation and managing the development of complex programs and coordination of 
rogramming teams. 

Spent two years at Harvard, working closely with Professors Thomas Cheetham 
.nd Ivan E. Sutherland in building a program to predict organic syntheses using 
;raphics. Audited courses in graphics, and linguistics. Developed system software 
In PDP-1 for graphics, color display, dynamic storage management, program overlaying, 
.ist processing, 3-dimensional display, and virtual memory systems. 

At Princeton he and his group completed the first stage of SECS, a program 
:o help design stereospecific synthesis; developed GIGL, a general interactive 
graphics language; ALCHRM, a language for describing chemical reactions; SYNCOM, 
t compiler for ALCHEM; and SY?KCN, a 3-D molecular model builder and a 3-D tablet. 

ivnthetic Exoericnce 

Synthesis of decalins and strained ring systems (with Dauben); sesquiterpenes, 
;ativene (with Corey); and at Princeton design and execution of novel approaches 
10 sirenin, cantharidin, palisonin. Current syntheses underway include an approach 
10 macrocycles and a new steroid synthesis. Other work includes a study of 
)alladium r-complexes in synthesis. Considerable synthetic experience has also been 
zained in six years of designing computer programs which'design syntheses, and in 
organizing the body of chemical reactions. 

Zonferences (recent) 

Invited Speaker: "The Rudolph Anderson Symposium on Innovations in the Methods and 
Ilools of Synthetic Organic Chemistry'.','Yale University, Jan. 14-15, 1971. 
Invited Speaker: "Applications of Computers in Synthesis", Stanford Symposium on 
"Synthesis: A Science for All Seasons", Nov. 12-14, 1973. 
Invited Speaker: Symposium on Strategies in Organic Synthesis, sponsored by 
Societe Chimique de Belgique at the University Louvain la Neuvre, 1974. 
Invited Speaker: Artifical Intelligence in MedicireSymposium, Rutgers, 1975. 

PUBLICATIONS (recent relevant) 

1. E.J. Corey and W.T. Wipke, "Computer-Assisted Design of Complex Molecular 
Syntheses", Science, l&, 178 (1969). 

2. E.J. Corey, W.T. Wipke, R.D. Cramer, and.W.J. Howe, "Computer-Assisted Synthetic 
Analysis: Facile Man-Machine Communication of Chemical Structure by Inter- 
active Computer Graphics", J. Amer. Chem. Sot., 94, 421 (1972). 

3. "v;l E.J. Corey, W.T. Wipke, R.D. Cramer, and W.J. Howe, Techniques for Perception 
by a Computer of Synthetically Significant Structural Features in Complex 
Molecules", J. Amer. Chem. Sot., 94, 431 (1972). 

4. W.T. Wipke and A. Whetstone, "Graphic Digitizing in 3-D", Computer Graphics, 
,5, 10 (1971). 



Privilege Communication Continuation page T. Wipke 

5. P. Gund, W.T. Wipke, and R. Langridge, "Computer Searching of a Molecular 

6. 

7. 

8. 

9. 

10. 

11. 

'Structure 
i 

File for Pharmacophoric Patterns, " Commuters in Chemical Research 
and Education, Elsevier, Amsterdam, vol. II (1973) pp 5/33-38. 
W.T. Wipke and T.M. Dyott, "Simulation and Evaluation of Chemical Synthesis. 
Computer Representation and Manipulation of Stereochemistry," J. Amer. Chem. 
Sot., ?$, 4825 (1974). 
W.T, Wipke and T.M. Dyott, "Stereochemically Unique Naming Algorithm," J. Amer. 
Chem. Sot., 9-6, 4834 (1974). 
W-T, Wipke and P. Gund, "Congestion: A Conformation-Dependent Measure of 
Steric Environment. Derivation and Application in Stereoselective Addition 
to 'Unsaturated Carbon," J. Amer. Cheml-Sot., ,?j$, 299 (1974). 
W.T. Wipke,"Ccmp'.&er-Assisted Three-Dimerlsional Synthetic Analysis," in 
Computer Renresentation and Manipulation of Chemical Information, ed. W-T* 
Wipke, S.R. Heller, R.J. Feldmann, E. Hyde, John Wiiey, (19741, pp 147-174, 
W.T. Wipke and T.N. Dyott, "Use of Ring Assemblies in a Ring Perception 
Algorithm," J. Chem. Info. and Computer SC&, l5, 140 (1975). 
T.M. Gund, P.V.R. Schlcyer, P.H. Gund and FI.T. Wip!:e, "Computer Assisted Graph 
Theoretical Analysis of-complex I*lechanistic Problems in Folycyclic Hydro- 
carbons. The Lechanism of Diamantane Formation from Various Pentacyclo- 
tetradecanes," J, Amer. Chcrn. Sot., 97, 743 (^1975). /c- 

HS-398 
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SECTION II -PRIVILEGED COMMUNICATION 

BIOGRAPHICAL SKETCH 
(Give the following information for all professional personnel listed on page 3, beginning with the Principal invtzfigator. 

Use continuation pages and follow the same general format for each person.) 

NAME i 

GRAHAM M. SMITH 
PLACE OF BIRTH ICity, Stare, Country) 

_ 
TITLE BIRTHDATE (MO., Day, Yc.) 

Research Associate 11 November 1947 
PRESENT NATIONALITY (if non-U.S citizen, SEX 
indicate kind of visa and expiratton date) 

Bay Shore, New York .U.S. 
a Male 0 Female 

EDUCATION (Begin vdith baccalaureate iraining dnd includepostdoctoralj 

INSTITUTION AND LOCATION 

Adelphi Suffolk College (Dowling) 
State University of New York at Buffalo 

HONORS 

DEGREE 

B.A. 
Ph.D. 

YEAR SCIENTIFIC 
CONFERRED . FIELD 

1969 Chemistry 
1974 Chemistry 

Samuel B. Silbert Fellowship 1971-1972. 
-- 

MAJOH RESEARCH INTEREST 

Organic Synthesis 

---- .--- _--- 
ROLE IN PROPOSED PROJECT 

Development of Computer Assisted Synthesis 

RESEARCH SUPPORT (See instructions) 

Merck, Sharp and Dohme Fellowship December 1975-June '76 
IBM Fellowship February 1973-December 1975 

RESEARCH AND/OR PROFESSIONAL EXPERIENCE (Starting with present position, list traininqandexpcrience relevant to area ofproject List cll 
or most representative publications. Do not exceed 3 pages for each individual. I 

9/73-l/74 SUNYAB Teaching Assistantship Qual. Organic 
6/71-g/73 ,I Research Assistantship 
6/70-6/71 II Teaching Asisstantship Organic Chemistry 
l/70-6/70 " 11 (1 Analytical Chemistry 
9/69-l/70 I, 11 11 Freshman Chemistry 
l/67-6/69 Scanner for.the Brookhave National Laboratory 80 inch Bubble.Chamber Group 

PUBLICATIONS 

Wudl; F., Smith, G.M., Hufnagel, E.J., "Bis-1,3-dithiolium Chloride: an Unusually 
Stable Organic Radical Cation", Chem. Comm., 1456 (1970). 

Wudl, F., Smith, G.M., "Coordination Complexes of Alkaline and Alkaline-Earth 
Ions II: Synthesis and Properties of Macrocyclic and Open-Chain Amino-Ethers 
and Their Derivatives" , presented at the 164th National Meeting of the American 
Chemical Society in New York City, August 1972. 

Green, E.A., Duax, W.L., Smith, G.M., Wudl, F. Coordination complexes of Group I and 
II; Potassium-O,O'-catecholdiacetate, JACS 97 .6689 (1975). - 

Member - American Chemical Society 
Member (Assoc.) Assoc. for Comp. Mach. 

-396 
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SECTION II - PRIVILEGED COMAIUNICATION 

(Give the following information for all professional personnel listed on page 3, beginning with the Principal Investigator. 
Use continuation pagu and follow rhe Same general formarfor each person.) 

1 TITLE ~BIRTHDAI-E (MO., Day. vr.1 NAME 

Hartmut W. Braun Research Postdoctoral 
Fellow Aug. 31, 1947 

PLACE OF BIRTH (City, Srate. Country) PRESENT NATIONALITY (If non-U.S citizen. SEX 

29 Freudenstadt, W. Germany 
indicate kind of visa and expiration dare) 

German, J-l, Sept. 1976 
EDUCATION (B&n with baccJlaurea?e tminino and include postdoctoral1 

m Male 0 Female 

INSTITUTION AND LOCATION 
I DEGREE 

University of Goettingen, Germany Diplom- 
Chemiker 
Dr. 

HOlJORS 

YEA9 
I 

SCIENTIFIC 
CONFERRED FIELD 

internal rotation 
molecules 

MAJOR RESEARCH INTEREST ROLE IN PROPOSED PHOJECT 

Application of computers and pro- 
gramming in chemistry Research Associate 

RESEARCH SUPPORT (See inswucrions) 

Jan 75-Dee 75 - Ausbildungsstipendium (training and research fellowship) 
from Deutiche Forschungsgeimschaft, Bonn, Germany 

RESEARCH AI\‘OiOR PROFESSIONAL EXPERIENCE (Starring with presentposition, list tra(ninqand Experience relevant Ioarca ofproject List Z/I 
or most representative publicarions. Do not exceed 3 pages for each individual.) 

Princeton: 6 months of work with the synthesis program SECS 
Goettingen: 3 years of experience with infrared spectroscopy, molecular 

1. 

2. 

3. 

.4. 

5. 

mechanics calculations and quantum mechanics calculations on 
problems of conformation equilibria, 
these fields. 

and programming related to 

'%$Tlinnere Rotation der Butadien-Diepoxide", Diplomarbeit, Goettingen, 
. 

"Theoretische und spektroskopische Untersuchungen zum Konformationsgleicb 
gewicht des Bicyclopropyls", Dissertation, Goettingen 1974. 

"Die Rotationsisomerie des Bicyclopropyls. II. Die gauche/trans- 
Isomerisierungsenthalpie und 
Intensitaetsmessungen. 

-entropic von Bicyclopropyl aus IR- 

(1975). 
Ein experimenteller Test", J. Mol. Str. 21, 391 

"Ueber due Bestimmumg von Isomerisierungsenthalpien und -entropien mit 
der IR-Intensitaetsmethode"; J. Mol. Str. Zl, 415 (1975). 

"Die Rotationsisomerie des Bicyclopropyls. III. Untersuchung dcr inneren 
Rotation von Bicyclopropyl, Vincylcyclpropan, und Butadien und einiger 
verwandter Verbindungen mit der Kraftfeld-Methodc", J. Mol. Str., 
sccepted for publication. - 



SECTION II -PRIVILEGED COMMUNICATION T. Wipke 

BIOGRAPHICAL SKETCH 
(Give the following information for all professional personnel listed on page 3, beginning with the Principal Investigator. 
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I I 
I RESOURCE-RELATED RESEARCH: BIOi'lOlXCULAR SYNTHESIS I 

RESEARCH PLAN 

A. Introduction. structure 
1. Objective: The development of new drugs and the study of how drug/is related 
to biological activity depends upon the chemist's ability to synthesize new 
molecular structures as well as his ability to modify existing structures Or t0 

incorporate isotopic labels into biomolecular substrates. The long term objec- 
tive of this research i; to develop the logical principles of molecular con- 
struction and employ these in practical computer programs to assist investigators 
in desiqninq stereospecific syntheses of complex bio-organic molecules of the 
type encountered in natural products and pharmaceuticals. While some progress 
has been made toward this objective, there is much to do. In this proposal we 
plan to build on the current SECS synthesis program, increasing our coverage of 
chemistry, increasing speed and efficiency of processing, and capitalizing on 
our steric and electronic perception in strategy and plan development. We plan 
to evaluate this program by making it available over a nation-wide network to 
interested health-related non-profit users. We will also explore other possible 
applications of the SECS program in chemistry and other applications of the 
program modules, for example to explore the forward-working approach to synthesis. 

2. Backqround: Although instrumentation has dramatically improved the speed 
of structural analysis over the past 20 years, there has not been a significant 
increase in the number of reactions a chemist runs per month.l Execution of 
even rather simple synthetic schemes may require a commitment of several man- 
years of laboratoq work. Sarett noted that speed in the laboratory wiil not 
change much and that the greatest gains will come in the area of synthetic de- 
sign.. He envisioned the uselof computers in a backward-working analysis to 
generate a "synthesis tree", Of course the reason computer analysis is desir- 
able is that the computer can remember the many known chemical reactions, me- 
thodically apply them to generate a large number of unbiased synthetic routes, 
from which the chemist can select the best to actually execute in the laboratory. 
Thus he is assured of having considered all reasonable alternatives. I 

Research in this area be 
2b 3 

an with the reprezentation of molecular structure' 
and generation of isomers. 7 Later with Corey, the first computer program 
(OCSS, later called LX&Sk51 was developed which generated synthetic schemes 
using the logic-oriented approach. At this time the programs were written in 
assembly language and considered only the connectivity of a structure, com- 
pletely ignoring stereochemistry, steric hindrance, strain effects, and proximity, 
but still could produce some interesting carbocyciic syntheses. 

In 1969 Dr. Wipke at Princeton began developing on a PDP-lO/LDS-1 system 
in FORTRAN a new synthesis program called SECS (S imulation and Evaiuation of 
Chemical Synthesis) to concentrate on stereospecific syntheses takpg into con- 
sideration the three-dimensional structure of the target molecule, Algorithms 
were developed for representing and manipulating stereochemistry,7 building 
a three-dimensional model,8 
the model.g 

and analysinq proximity and steric congestion from 
SECS included new areas of chemistry, 

group chemistry." 
hetrocyclic and protecting 

(Further details on SECS are presented in section A41 

Meanwhile at Harvard the emphasis in LHASA was toward the building of so- 
phisticated transforms (eg .,Diels Alder) which could cause generation of un 
to 15 step sequences of reactions to achieve a certain type of synthesis." 
The rigidities of functional group interconversion in this early work appears 
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to be at least partially overcome by a more recent algorithm (FGI) for up to 
4 FGI's.12 Other recent work includes further definition of ringl; and appenci- 
agel strategic bonds and functional group protection.'S 

1 
Elsewhere Gelernter at Stony Brook has written a PI-1 non-interactive 

batch program which works backwards from thelgarget, but selects by itself 
nodes in the synthesis tree to be developed. This program called SYNCHEM 
uses the Aldrich WLN file of available,compounds as acceptalbe termination 
points. The representation of chemistry in SYNCHEM is less detailed than 
in SECS or LHASA, but more attention is given to traditional heuristic tree 
search methods. 

Yei7a;t$her approach is that of Ugi which is based on a matrix form- 
alism. 9 The eventual goal of his approach is to make an break bonds 
in all possible "legal" ways without empirical rules. The biggest application 
of this type approach will probably be to discovery of new reactions rsth?r 
than new syntheses. 
described, 

An implementation of this approach (CICLOPS) !-IT; been 
but unfortunately, no exam 

'50 
les of results have appeared, ' A new 

version called MATSYN is in progress. 

Hendrickson has made some significant contributions, not in the co!xptcr 
area, but in classifying re;c&ions by changes in oxidation state2? and more 
recently by half reactions. The latter is particularly useful for setting 
up a molecule to break strategic bonds. 
electrophilic aromatic substitution2l 

He also developed an approach to 

in a molecule.22b 
and for manually analysing all the rings 

Sinanoqlu at Yale has studied from a graph theoretical 
standnoint networks of reactions and numbers of pathways within such a net- 
work.23 Jeff Powers at $#negie Mellon has done some reaction path analysis 
in chemical engineering, Howard Whitlock at Wisconsin has explored 
linguistics in the functional group switching problem and R,V. Stevens ex- 
plored ene-reactions with a small special purpose progran~.24 

Significant advances in other area s of chemical inference which have a 
bearing on synthesis include the DAK system of DuBois which utilizes an un- 
usual description of structure, 25 the DENDRAL mass spec analysisZ6 and the 
CONGEN structure generator, 27 the implication of structure from mass spectra 
by pattern recognition techniques,28 the interactive graphical substructure ?r\ ^^ search system of Feldmann and HellerL7 and the work in reaction documentation.jU 
A NAT03$dvanced Study Institute recently reviewed the state of the art in these 
areas. 

A short history of SECS and recent advances I>y Dr. Wipkc's group are presentcc 
in Section 4, Progress Report. 

3. Rationale: 
The central goals in synthetic design are generation of chemically valid 

synthetic routes to a target molecule and then seiection of the "best" routes. 
One clearly can not attain either of these goals if he ignores the important 
principles relating chemical reactivity to molecular shape and configuration or 
if he ignores important areas of chemistry such as heterocyclic chemistry--yet 
these areas have been ignored. Therefore this research project is oriented to 
develop the ability to utilize stereochemistry in synthetic analysis, to develop 
strategies and new heuristics relating to stereochemistry, and to include hetero 
cyclic and aromatic as well as carbocyclic chemistry. Stereochemistry includes 
both the conformation independent configurational relations (cis-trans) as well 
as the conformation dependent relations (steric hindrance, proximity, orienta- 
tion). Since the chemist uses molecular models, the computer should know how to 
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build and analyze 3-dimensional molecular models, recognize enantiomers, evaluate 
steric environment, etc. Only in this way can the computer have any reasonable 
chance of predicting reactivity accurately enough to permit selection of "best" 
routes. 

An analysis of "Structures of Current Interst to the Chemotherapy Program, 
Sept 1371" showed 50% of the structures contained aromatic or heterocyclic ring 
systems, indicating the importance of this area of chemistry. Therefore, this 
research is also aimed at representation of the chemistry needed in the synthesis 
of these systems, analysis of electronic properties of such systems, and special 
strategies for their synthesis. 

When we teach students organic chemistry, we first teach structure and nomen- 
clature, next mechanisms and reactions, and finally strategies for synthesis. 
The same logical order pertains to teaching the computer. Initial priorities of 
this research focused on developing a general representation of stereochemistry, 
a capability to build 3-D models, and a representation of carbocyclic reactions in- 
cluding stereochemical consequences as well as the relationship between stereocnem- 
istry and reactions (eg, how to estimate steric hindrance). Although work in these 
areas continues, new priorities are 1) development of higher level heuristics and 
strategies 'which connect stereochemistry, symmetry, proximity, etc., with high leve 
planning (e.g., how does one capitalize on the fact that one functional group is 
highly hindered?), and which interconnect carbocyclic and heterocyclic chemistry; 
2) exploring efficient ways of constraining the generation of valid, but uninterest 
ing synthetic pathways; and evaluation of the SECS program on problems by us and 
users, using feedback for further improvement. This research focuses on exactly 
those important aspects of chemistry neglected in other computer synthesis programs 
but at the same time, this research will not neglect synthetic strategies based on 
connectivity alone, The more complete treatment of chemistry in our approach 
is expected to provide greater power in synthetic design, especially in complex 
biomolecular syntheses. 

4. Comprehensive Progress Report 

This proposal is a new proposal, not technically a renewal, but because conside 
able work has been done before under another NIH grant, to assist the reader in 
viewing what has been done, we present a short report of this progress beginning ir: 
1970. 

a) Original objectives: To design a program for computer-assisted design of 
complex organic syntheses which considered the three-dimensional nature of molecule 
and the important principles derived therefrom: stereochemistry, proximity, steric 
effects, strain energy, and stereo-electronic control. These principles are ix,- 
portant to the logic used in the planning of a synthesis of most drugs and moleculE 

Requirements 

1) Program should easily communicate with any organic chemist 
2) Program must "understand" the stereochemistry of a complex target molecule 
3) Program must be able to build a three-dimensional model of molecule 
4) Program must be able to analyze 3-D model for steric effects, etc. 
5) Must have knowledge of reactions and be able to apply them when appropriate 
6) Must generate precursors with proper stereochemistry according to mechanisr 

of the reaction applied and stereochemistry of target 
7) Chemist should be able to easily add new reactions to reaction library 
8) Program should b? t. applicable to real problems of interest 
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4.b. SurxTary of Results 

i A general FORTFAN program (SECS) for designing stereospecific syntheses was 
written for the PDP-lO/LDS-1 system at Princeton. This was the first program to 
accept standard structural diagram input with stereochemistry,7 correctly KaniplLlate 
structures according to stereospecific chemical transforms, and reconstruct valid 
structural diagrams for output. The internal representation facilitates symbolic 
recognition of enantioneric, diasteriomeric, 
trans relationships.7 

and isomorphic structures, and cis- 
The program constructs a 3-D model8 of the structure brhich 

can be viewed in 3-D 32 and modified in conformation using a 3-D acol;stic teblct 
( 
I 

developed in this work.33 Using this model SECS evaluates steric concjestior, st a I 
Q I reaction center which has been correlated with experimental product-. di.stlrib!!tFor;..-' ! 

A language for representing reactions (ALC1-1EM)34 has been developed I;!hich 
I 

accommodates ab i.nitio electron-pushing as well as empirical name reactioix. SZCS..T, 
(1975) incorpFa+xd funcLiona1 group protection, an initial ap;3roach at hFtcrocT:cLit j 
chemistry, and an electronic energy calculation module.10 SECS-II' was plxe? 0; tiic I 

First Data Corporation timesharing system for access by any interested parties. SEC;; 
I also was brought up on a UNIVAC with a GT40 graphics terminal in Strasbouxg, France.. 

This research was moved to .the Univers5.t.y of Califnrnj.a, Sarf_a Crlx, ar?c! :.IES 
granted an allocation of the SLlI~':EX resource. SECS was converted to TZNES and t!!? 
GT40 display system. Since then a new strategy module and a symetry r;.oduie hc-ve 
been under development as well as optimization of the program for remote ar~~i:'nics. _ 
SECS has also been used to find the rearrangement pathway to diamx-tane,3S and fcr 
building many models of druqs for antileukemia pattern searchiliq. 

4.c. Detailed Proqress Report 

First the organization o f SEC%II will be described, then eat:? of the! 
previous reqnirements will be discussed as to specific progress in that area. 

SECS-II Program OraaniZation 
SECS used to occupy 11 seqments operating in 48 K words of mzxory, but. nox 

is no longer overlayed on the SUKEX system because with paging virtual rne~~x)~, the;:,: 
is no observable advantage in overlays. SECS still USPS disk ?or storage ~5 CkiEi-Pi.i- 
tr;r files and structures, the disk being utilize9 as backing store for variable 
length dynamically allocated virtual memory (software implemcntcd). Disk space is 
stili a problem because of the need to store source files on-line and the 17e;-:d to 
have sever;!> versions available, but memory no longer is a problem. 

Following the modules shown in Fig. 1, the investigator picks up the lig'r,? Fe:: 
or acoustic pen and draws in a molecule, using normal structural di<z.g.rzm notation 
including hashed and wedged lines (Figure 2). Alternatively if he is using 0x1: a 
teletype rather than a GT40 graphics terminal, he uses the teletype input rouliine 
to enter the connectivity, stereochemistry, atom types and coordinates (opticnal;, 
At the completion of input the structure is analyzed by the perception mod;!le ar.d 
a cannonica?. representation is generated.Tb All graph theoreLica1 percepLi.on is 
done in this moduie. 

The 3-dimensional model builder then using energy minimization techniques 
creates a minimum energy confor!r:2tion with the correct sterc~chernistry (Fig 3). 8 
Then the electronic model builder calcula+:es the pi-electron delocaiization 
energy for any conjugated systems, especially aromatic, us.inq Huckel I;0 methods wl:ic 
are fast. From this information certain reactivity information is infcred. If 
the chemist has seiccted he then interacts with the strategy coxmand hazdler -Lo entf: 
his strategic commands, bonds to break or not break, etc., features he will or wcn' 
accept in precursors, and cutoffs in quality of chemistry that is applied. \!h-n 

_. 



3-D tablet - light pen 

3-D Model 
Builder & 

Figure 1 

the investigator has specified his desires in strategy, the chemistry moduie 
attempts to find chemical transforms relevant to the structural features in the 
target molecule and consistent with the specified strategies. Environmental 
and mechanistic requirements of the transforms are examined to determine transform 
applicability. 

Applicable transforms generate all stercoisomerlc precursors cc?si.stent with 
the stereochemistry of the transform and each precursor is evaluated by the evalut- 
tion module for valence violations, topologically unlikely bonding, duplications, 
and other undesirable features. Precursors are displayed as evaluated and are 
represented as a node in the "synthesis tree". Horizontal lines in the tree join 
ensembles of molecules needed for a transform. The chemist then evaluates the 
precursors, chooses one as the next to be analyzed and the process recurs. A 
switch causes the display of the synthetic sequence from a selected precursor up 
through the tree to the target at the top (Figure 4). The sequence display helps 
the chemist to evaluate the whole sequence since he sees the global view. 

Requirement 1) easy communication of program with organic chemist. Exitensive 
graphical communication capabilities are built into the program. Drawing of the 
input molecule is natural both with a tablet (best) and with the light pen(ok: but 
not as natural). Stereochemistry follows all natural conventions. Even the input 
from a teletype has been human engineered to allow the minimum of typing, eg, by 
describing connectivity as a path connected thru the molecule leaving only the 
branch points and rina closures to describe separately. The TTYJNPLJT module 
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assumes errors will occur and disallows any illegal descriptions; and provides 
editing capabilities for correcting errors. Output is also graphical on a teletype 
but of course the plotting is less attractive. However, all chemically important 
information is there including stereochemistry. Changes are still being made to 
the program to optimize the use of remote graphics terminals over medium speed line 
Perhaps the best evidence of progress in this area is that chemists at Squibb were 
able to use SECS on the FDC~ timesharing system with a GT40 terminal without any 
instructions other than the one page description on the system. 

Requirement 2) Program must "understand" stereochemistry. We have developed 
an algorithm.by which the computer can interpret a standard stereochemical struc- 
tural diagram (Fig 2) or a 3-D model' and generate an identifier which is unique 
for each stereoisomer and allows easy recognition of enantiomeric structures wilich 
in the synthesis of racemic materials are treated as being isomorphic. 7 The algorj 
thm ignores centers which because of symmetry are not true stereo centers. 

Relative stereochemical relationships Ccis-trans) are derived by another alzo- 
rithm operating on the individual stereo ‘center descriptions. The chemical manip- 
ulation module, in addition to making and breaking bonds, also generates the cor- 
rect stereochemical descriptor for the precursor based on the mechanism of the 
operating transform, Thus f implies by a trans addition mechanism that the -,rZ- 
cursor could have been 2 which rewritten is 3, whereas 4 implies by the save A 
mechanism both 5 and 6.- Similarly SKS produces 
cyclic transfer%. 

all valid precursors in elcctro- 
ClT Note that this is not simply permutation of all possible 

double bond isomers. SECS also has an algorithm to generate proper hashed and 

even if the chemist moves atoms or rotates the molecule--the hashing/wedging is 
changed to maixtai:7 an accurate representation. 

1 

wedged bonds to correctly represent the actual stereochemistry of the procursor.:, 

i 
, 

Requirement 3) I+ust be able to build 
a model-building module8 

a three-dimensional model. SECS contaj.r;s 
which creates 

two-dimensional structural diagram. 
a reasonable model given only the stankrci 

It accomplishes this by special minimization 
techniques in an implementation of the Westheimer method37 using four levels of 
parameters. Starting from any geomekry, two-dimensional (L&O), or 3-D, or even 
random coordinates, the program reshapes the structure into a reasonable conforxa- 
tion, displaying the model and s'- cLain energy as it proceeds. Initially, the 
program emphasizes non-bonding effects, later bn;d lengths, then bond angles, 
and finally fine resolution non-bonding factors. Models for structures having up 
to 30 non-hydrogen atoms, double and triple bonds, and hetero-atoms may ba built, 
During the building process SECS monitors the stereochemistry of the model and 

! 
I 
I 

modifies the model to make it correspond to th e stereocfien;istq initially spccifii;:i.j I_-- 
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Figure 5 shows a comparison of the model built for morphine (dotted line) and the 
x-ray structure of morphine methiodide salt (solid line). This model builder has 
been provided to Feldmann at NIH, is incorporated into the PROPHET pharmacology 
information system, and into the CONGEN-DENDRAL system at Stanford. Peter Jurs, 
(Penn State) and Bruce Kowalski (U. of Washington) also have been provided a copy 
of the model builder for use in pattern recognition studies. Squibb and Pfizer 
have used the model builder, on the FDC system. 

i 
1 ! 

Requirement 4) biust be able to analyze 3-D model for steric effects. Certain 
ALCHEX statements cause the synthesis program to access it's internal 3-D model 
much as a chemist would do, making distance and angle measurements for proximity 
and svn or anti relationships. Evaluation of steric hindrance is considerai>ly more 
diffzlt since one must first define steric hindrance. Using collision theory, 
we have developed a definition of ground state steric congestion at a reaction 
center assuming the reacting partner is an infinitesimal particle.g This functio: 
works well for rigid ketones where there is rather large congestion. However 
for rather uncongested ketones, we had to include an electronic eclipsing effect 
based on the dihedral angle the incoming group makes with substituents attached 
to the alpha carbons of the ketone. When these two functions are combined they 
provide a quantitative treatment of steric hindrance not only for reduction of 
ketones, but also epoxidation of olefins. Since our functions give an absolute 
value for attack to each side of a planar group, we can also compare the least 
hindered side of the two identical groups in a target to determine the feasibility 
of carrying out a selective reaction on one of the groups in the presence of the 
other. Currently the only chemistry using this steric information is the reductio. 
of ketones and Grignard reactions on ketones, but the correlation of congestion 
with product ratios in these cases is very good. 

Requirement 5) Must have knowledge of reactions and be able to apply them when 
app,Fopriate, Chemical transforms (a transform can be a simple ab-initio electron 
pus+ng step or an empirical name reaction written in the antithetic direction) 
are written in an English-like chemical language, ALCHEX. See appendix for the 
BNF grammar of ALCHai. Basically ALLHEX has facilities for describing relation- 
ships between functional groups, structural features, atoms, and bonds, at-Id even 
arbitrary substructural fragments. It also contains general arit!metic capability 

Text 
CXEMIST , AL.CHEI%i sYNca";JI 

- - - - - - - - - - . . BINARY SEC.5 CHEi.lICAL -----m-B- ,.7 FIX FILE 
--------"m--- 

Editor 
:> 

Compiler SYNTHESES 

and means for svrfiiolically manipulating 
ALCHEM files are ASCII te*-" 

structures to generate precursors. Since 
nl. and the compiler (SY;XOX) and interpreter (SEC.51 are 

in FORTMN, we have a machine-independent languag e for describinq reactions and 
the factors affecting them. Any reaction may be described in any amount of detai 
with the only limit to the number of transforms being the amount of disk space 
available. 

Requirement 6 has already been discussed under item 2, 
Requiremnnt 7) Chemist should be able to easily add new reactions to reaction 

library. All that is needed to add a new reaction is 
editor in ALCHEX, 

to type it into the text 
adding it to one of the existing files or creating a new on>; 

then run SYNCO!< to take the ALC file and create the binary Ci3N file; then just 
run SECS and it will automatically use the new updated Ciiif file. Total time 5 min. 
D- L. Guenter Grethe entered many complex reactions without knowing any procramming 
languages, only ALUEi and how to operate the text editor, so it is possible for 
a chemist to easily enter reactions. It took him abcut a day of study of AiCHE?I, 
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Requirement 8) Program should be applicable to real problems. SECS was de:iyn. 
cd,to handle molecules of up to 72 non-hydrogen atoms, and to be able to generate 
ank number of structures in the synthesis tree. It is able to do this because the 
structures are not in memory, but are in our own software implemented virtual 
memory which can be saved and restored in another session to allow interruptions. 
A  version of SECS on FDC timesharing system in Boston has received considerable 
testing by Squibb, Pfizer, and Merck, Sharp and Dohme pharmaceutical companies in 
the past year. The feedback from these users is that they were giving it real 
problems and were finding interesting output which they had not thought of. This 
is not to say that everything produced was good or that every qood route was pro- 
duced,.but it does say some progress has been made on real problems. 

Figure 2 shows the antileukemic cephalotaxine 38 as a target with the edited 
tree, Figure 3 shows the model created and figure 4 shows one of the routes form- 
ated by the synthetic sequence layout. Below each structure is its sequence 
number. Above each arrow is the code name for the transformimplied and below 
that is the final priority ran$ng of that transform. 
an earlier attempted synthesis 

This route4:s different fro; 
and recent successful syntheses. 

Preliminary Results - 
Aromatic and heterocvc1i.c chemistry. Our initial work in this area uses the 

powerful pattern transform capability of ALCHEI/I. We have about 100 heterocyclic 
transforms which represents many times more reactions and fairly well covers the 
simple ring systems to a first approximation. Electrophilic substitution rlirectin 
effects are included, also steric effects from groups already on the ring, but on1 
for rings not containing heteroatons. Recently we generalized this using the new 
electronic energy model with fairly good success. T his research sho,.Jed 
the difficulties with tautomerism (keto-enol) and with s'irategic con'tro 

of when to perform the synthesis of the aromatic or heterocyclic ring system, 

Functional Grout Protection. Dr. W illi Sieber created a module for checking 
the condition statements in the transform and automatically invoking protection, 
selecting the propzr protecting group which would be stable to the conditions 
yet not react with other groups in the molecule. This protecting group is .a text 
descripter which is attached to the functional group for that step. 
published a similar approach.15 

Corey just 

Strategy Research. A  general goal list structure with an interactive creation 
package now allows us to manually specify trial strategies involving not only the 
breaking and making of bonds, but also selection of transforms by character, e.g., 
rearangement, ring closure, modify stereochcmist~y. This has increased selectivit 
and suggested ideas for more advanced specifications to control sequences of reac- 
tions. The strateqjj of striving for "simplicity" has been explored by Peter 
Friedland by letting the executive choose the next structure to be processed C:I 
the basis of a simplicity function. This function depends on the size of the mole 
cult, number and size of rings, appendages, functional groups, and rinq juric- 
tures. Stereo and group sensitivity were also incorpcratcd. The user was allowed 
to set the depth of the search and the proqram processed the "simplest" structure 
in each set of precursors produced. For some syntheses this works well, but we 
find for may others that the computer does not =-: Lrnd very interesting syntheses 
by itself because the interesting syntheses must go through a more complex inter- 
mediate structure. 

Symmetry. -7. . Work is underway to detect the symmetry of a target molecule and . _ use tnis to prevent redundant reactions d;le either to molenulnr symmetry or sym- 
metry of the reaction. 
program,27b 

This is related to the USC of symmetry that the CO!GGZL' 
but is different because of the fact we are mapping reactions rather 

than just a set of labels,, and also becailse we are including stereochemistry 4.~1 
HS -398 
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our molecules and our symmetr:es in most cases correspond to point group symmetry 
elements, For example, for dodecahedrane we find 124 symmetry elements, the same 
as the point group for the molecule. We expect this symmetry information to be 
very useful in not only reducing the number of precursors created to a small runbe 
of unique precursors, but also useful in building strateqic goals. We expect that 
we may.also be able to use this symmetry to-prevent the generation of enantiomers 
which are not normally desired unless one is dealing with resolved materials. 
In some cases, symmetry informatinn will reduce the execution time of SECS by a 
factor of five or more. 

Conclusion 
Many problems still remain. !:le are just beginning to learn how to use the 

powerful perceptuai information b;e have collected, but we feel we have es-Lablished 
a firm foundation on which to build further research in this area. See letters 
in Appendix l.. 
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B. SPECIFIC AIiS 

Our objective is to increase the speed, efficiency and reasoning power of 
the Simulation and Evaluatiun of Chemical Synthesis program, capitalizing on the 
steric and stereochexical information from our previous wcrk. Specific aims for 
this project period are listed below according to th e module in which tiney fall. 

1. Symmetry 
a) Develop an efficient molecular symmetry recognize r using stereochemistri 
b) Incorporate syrxetry into transform applicator to eliminate generation j 

of redundant precursors and enantiomers I 
c) Investigate algorithms for detection of potential symmet-y 

2. Model Builder 
a) Generalize to more diverse types of bondinq 

! 

b) Increase speed and reduce calculation using heuristics for appendages, 1 
symmetry, etc. I 

3. Strategy and Planning 
a) Continue to explore and evaluate principle of separation of strategies 

from chemical transforms 
b) Develop strategy modules for stcric, proximity, symmetry, and electron- 

ic factors 
c> Evaluate special strategies for hcterocyclic and aromatic chemistry 
d) Build a graphical interface to the strategy executive module 



4. Chemical transforms 

a) Fill in and extend transform library in heterocyclic and aromatic area 
b) Develop interactive programs for update and maintenance of library 
c) Explore additional methods for acquiring information from users 
d) Expand capability to predict chemical reactivity from 3-D models 

5. Evaluation i 
a) Develop forward-workinq simulator for plan evaluation 
b) E\-aluate feedback from.users 

C. METHODS OF'PROCEDURZ 

0~ current syntllesis program (SECS-II) will serve as the foundation for fut- 
ure investigations in sL;?thesis planr,ing. It should be clear that the list of 
specific aims given above is not exhaustive, but illustrative, and is our *&ew ak 
this point in time. Each of these aims will now be discussed in more detail. 

SyrrJpztry, The most obvious riced for symmetry is simply to prevent the genera- 
tion of redundant precursors. Currently if SECS infers that cyclohexane collld 
come from cyclohexene, since there are six single bands that could be changed to 
a double bond, six cyclohexene precursors would be generated, then five t;ould be 
deleted! Clearly it is more efficient to only produce one precursor in the first 
place, knowing that all bonds are equivalent. Work is underway to develop an ef'fi- 
cient molecular symmetry recognizer, using gr;;ph theory and our representation of 
stereochemistry. The validity of this algorithm will have to be proven and tested. 
This symmetry information will then be incorparatcd into the various chemical trznc 
form applicator modules so that transforms are mapped onto the structure only in 
unique ways. 

We also plan to use symmetry to constrain the generation of enantiomers since 
in some cases this needlessly doubles the number of intermediates Generated. In 
the synthesis of racemic compounds, we treat enantiomers as being identical, sym- 
mctry will be used in strateqy to find ways to cleave the target into identical 
fragments, and also in a higher sens e to prevent redundant strs':egies. Later 2:e 
plan to investigate alqoritms for detec+ ,ion of potential syrrL52etry, Khile a general 
solution, to this problem is not yet apparent, for cer-'iain classes of potential syr?.- 
mctry, the problem may be more tractible, e.g., when one must break one or m3re 
bonds to obtain a symzMzrica1 structure. Symmetrical here mcazs hat2r.g more opcrzt 
ors in its SyITKliZtry group than just t1lc identity operator. 

Model builder. Another goal is to improve the model h,u:';ldcr (SYMN) which T ., . . . . 
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calculates tne minimum energy and opti~ilun geometry of a chemical structure on the 
basis of classical mechanics. SWiIi~ should be generalized to handle more types of 
bonding, including hydrogen bonding, and electrostatic effects which are currently 
ignored. There is also a need to make it as efficient as possible, The symmetric 
information discussed above may be a useful heuristic in this regard. Other hcuris- 
tics can also be used, e.g., recognizing appendages as units, staggering them and -1 
then moving them as a unit. Large appzndaqes minimize slowly in the atom-by-atom 
algorithm. Another heuristic approach is to apply weighting factors to each atom 
so that in early stages peripheral atoms are free to move larger distances in esch 
iteratia?, The numbering from our Stereochemically Extcndod Korgar. Algorithzl !SG-iA: , ' 
are an interesting set because they nap a spanning tree onto the molezule with the 
origin of the tree usually corresponding to the center of gravity of ttle molecule. 

It would also be useful if the chemist could impose general constraints on 
SYKIN to force the model to meet certain requirements. Ivan Sutherland's Sketch- 
pad system had such general constraints hut in a different problem area. These 
improvements to SYKIN would be useful to the DENDRAL CI>MGEN program and the PKOPW2 I 
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as well as to SECS. 

I 
Strateay and Planninq, The simplest strategy is just to apply all transform 

that fit--analoqous to the chess leqal move generator. This is a useful stragegy 
for exhaustively exploring a limited region of a problem, but normally it is desire- 
able to constrain building the synthesis tree according to various other strategies. 
Unlike game playing, where a look- ahead can save one from making a bad move now, in 
SECS doing the look-ahead is the same as 'playing the move,' in that we have to 
do the expensive part--the chemistry-- and there is no way of recovering the effort 
if it proves to be a fruitless direction, Deieting bad precursors is merely a way 
of hiding our mistakes. 

A major area of interest is the development of heuristics to guide the search 
for simplification of the synthetic problem. Topological heuristics have already 
been implemented. We are now in a unique position to develop heuristics based 
on symmct,ry, stercochemkstry, spatial orientation, strain ener- and electrcr?i~ fat; 
tors. There are two important problems, 1) actualiy devising the heuristics and 
2) actually implementing them in a synthetic program. Let us first examine the lat, 
ter problem and then turn to what the heuristic might be like. 

Rather than building strategies into the transforms as comples transforms con- 

sisting of preplanned sequences 02 subroutine calls (e.g., Corey's L)ie:ts Alder tran 
formll), our approach is to try to cleanly separate strategy from transforms, We 
feel this is important to allow transforms to be added or updated without modifyii?g 
the strategies and vice-versa. As the base of reactions increases, the importance 
of this separation beco!fies nore obvious. A large library would be difficult to 
maintain otherwise. Another advantage of this approach is that goals can be order22 
on merit rather than on the order of the statements in the transforms. stratcg 
modules will vote on strategic operations, e.g., breaking various bonds, or making 
certain bonds. The more votes a given goal has, the more powerful it becomes to 
demand subgoal creation. After all strategic modules have voted, the chemistry mod- 
ules are passed once to satisfy these goals at a given level, rather than makina 
multiple passes as is required when strategy modules directly call transforms. 14 
This approach promises the least bias, the most creative results, but still controls 
the amount of output to withinreasonable limits. 

The planner will create short and long range plans, the latter extending ovel: 
many levels of the synthesis tree, e.g., "it is desired that a portion of the msieciii 
remain untouched for most of the analysis." The chemist will be abic to interact 
with the planner grap!licaliy or via teletype to modify or create additional plans;, 

Strate+es based on Steric Effects. P-------^DIcI- Stcric congcsticn about a center can nci-d 
be approximated by a function for ketones and olefins, ai;d we hope to be able to 
extend it to SP3 centers for oxidation, substitution, and elimination reactions. 
Congestion should be helpful in r ecognizing natural functional group selectivities, 
or adverse reactivities, and may help determine the priority for constructing stereo 
centers. Heuristics can be developed such as "work with the most accessible groups 
first, and later use the sterically congested ones." Sophisticated goals for re- 
connections and special blocking groups can he keyed by a need for greater congest%< 
on one side of a reaction center. 

Proximity is currently available from the 3-D model. Ot!ler proximity effects, 
e.g. t anchimeric assistance, depend upon the orientation of a bond as well as the 
distance between groups. Proximity will also lead to recognition of differential 
reactivity and would key operations like congestion strategies. 

Strateqies based on Electronic perception. Currently the prime application i:; 
viewed as directing effects and relative reaccivities on aromatic substrates. WC 
currently have a molecular orbital module in SECS to provide needed perception. 

2: 

/ 

Related to this is the use .of strain energy to trigger the need for mild irreversibl:; 
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synthetic methods, This also may focus attention on exactly what the trouble 
in a synthesis might be so that aspect may be dominant in planning. 

Related to aromatic and heterocyclic systems is the problem that many different 
ring systems occur, all having different chemical properties. The use of I240 
calculations eliminates the need for tables of data for each ring system. Of course 
there are limitations to the method, especially as the number of heteroatoms increa- 
ses, but it provides a valuable heuristic in planning. More accurate evaluations 
can be applied once the synthetic routes of choice have been selected for refinemen? 
More general strategies are needed however to determine when in a synthesis it is 
appropriate to work on the aromatic ring, and when it is appropriate to work on the 
remainder of the molecule. We are currently collecting data on this very question. 
Without this strategv, the behavior of the program is to jump around the molecule 
working here, then there, then here again, which is not the approach normally used 
in synthesis. 

A graphical interface between the chemist and strategy module is planned to 
make the communication faster and more natural. There will still be complete cap- 
ability also available from just a teletype for those users without CRT terminals, 

Chemical Transforms. The ALCHEN libraries .--es ---_ should be ccmpleted and extended 
in aromatic and heterocyclic chemistry. As the transform libraries continue to 
grow, finding out whether a certain reaction is present in the file becones an inc, 
reasing problem. Thus there is a need to develop programs for the maintenance and 
updating of the libraries, both to ease the problem mentioned and to assure consis- 
tency in the files. At the same time an interactive graphical interface to the 
chemist could be incorporated so he could inqrjirc or enter a transform graphicalLy. 
We would also like to generalize the ALCllEM representations so they could be ctcd 
not only for the backward-working SECS, but also for retrieval and for a forward- 
working synthesis simulator. 

The question arises of what SKS should do when a needed transformation isn't 
in the library. One approach is to let the chemi.st manually perform the trans?orn 
at that stage in the analysis, then let SECS continue, SECS could remember that 
transform then , providing yet another way to extract information from users. 
Another approach is to let SECS revert to mechanistic generation at this gan to try/ 
to "invent" the desired transform. 

In order to give transforms additional specificity based on our 3-D model, 
we plan to add to ALCHD qcometric descriptors defining lines, planes, angles, and 
other relationships. The arithmGtic capability of ALCHEX would then allov~ manip- 
ulation and evaluation of these parameters. These capabilities will also bc usol"u: 
in representing biological reactions such as biosyntheses or metabolism. Other 
extensions to ALCHtGl will include specification of short range "blcck avoidance", 
e.g., recognizing situations which prevent the use of a transform, automatically 
creating a subgoal to circumvent or correct the situation. This would be stated 
as IF . . . THEN CORRECT. If the situation could be corrected, the original 
transform would again be attempted, else it would fail. And finally, we will con- 
tinue our research to correlate chemical structure and chemical reactivity as we 
have done with steric congestion. 

Synthesis Plan Evaluation and Outimization. SECS is a planning program which 
works primarily backward and necessarily in generalities. It produces a synthetic 
plan (tree) with transform names, strucbares, and indications of protection and 
conditions. The next step is to develop a second program to perform the trans- 
forms in the forward direction, and evaluate factors more accurately than could 
SECS. It could also optimize reaction sequences, determine possible simuitaneous 
steps and determine more accurately the requirements of protecting groups, when 
they must be introduced and removed. (Currently all that is specified is that the 
protecting croup mast be present in a nnrticular sten.) 
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For the selected sequences, reactions and exact reagents would be specified, either 
by {he chemist or by the program using a reaction data bases It couid predict 
possible side products from the specified reaction, could retrieve appropriate 
literature references for experimental procedure, and even could label those Struc- 
tures in the tree that would be new compounds, not present in Chemical Abstracts 
Registry system. 

Although the subprograms of SECS-II would be useful iti the forward working 
program, the organization will be quite different. Ignoring the product shown in 
the synthesis tree obtained from SECS, the forward worker will attempt to predict 
the expected products , given the reactants and conditions. This involves finding 
reactions which can occur between the groups present under those conditions, e&i- 
mating the relative extent; of reaction and ratio of stereoisomers. It must of 
course consider both intrn and inter-molecular reactions, The quality cf the 
predictions will be dependent on the quality of the simulations and evzlustioii oiT 
the many factors involved. The description of the reaction mechanism would be in 
an ALCHi%i-like language, but would view transforms from the side of reactants 
and conditions. 

Evaluation by users. Feedback from users of SE CS during this period will 
assist in improving the program, the approach, anti in pianning the research. Input 
of chemical transforms as well as intersting problems is expected from users. 'L'he 
number of users permitted and selection of them as weli as the procedures involve5 
will be worked out with the SlliX-AIll community and administrators. It is also 
planned to explore other applications of; SECS to demonstrate the generality of 
this program as a chemical ljroblem solver. A specific problem of current iniereh? 
is application in metabolism of drugs. 

D; SIGNIX'CANCE 

This proposed research in computer-assisted biomolecular synthesis sholild 
enable investigators to plan more efficient synthases faster, and with assurance 
that all the important routes have been considered in a methodical and unbiased 
way, using all reactions available. Consequently, the synthesis of molcculcs of 
importance to the national hc-sith care program should be achieved ultirratcly faster 
and at lower cost. 'This has direct bearing on the synthesis of drugs, labeled 
compounds for testing, and structure proof by synthesis. The many PIIH -grantees 
working on synthetic projects could gain access to tkLs tool for assisting tP.e:n 
in their own research program. 

Further, the applications of advanced computer science to chemistry in this 
research has importani; implications for the solution of other important health- 
related problems involvinq molecular structure and man-machine communication. 
For example, molecular syrmnetry involvinq stereochemistry as we will find it wcilld 
be required for prediction of C-13 or p&ton magnetic resonance spectra. Such 
symmetry information will be useful in generating all possible stereoisomers in t?-. 
COhTGEI;T structure generator program. The model builder is useful for generating 
geometrj.es of molecules to predict spectra, or for biological activity comparison. 
That program is incorporated into the PROPHET pharmacology system now and would bz 
improved by this research. And the SECS program itself may also prove useful in 
analysis of metabolism pathways which could be indicative of potentially dangerous 
metabolites of drugs or other foreign substances. Our concerns with managing a 
large growing data base are similar to those involved with medical diagnosis prog- 
rams alid drug prescription programs like l4YCIIJ. Our analysis and evaluation of 

chemical reactivity from three-dimensional structure has potential applications in 
analysis of structures for biological activity according to shape, and has also 
importance in chemistry in understanding how reactions really occur and how reacti< 
are sensitive to their environment. L3Stlv. our work in interactive computer 
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graphics has and will continue to e 
interaction which are useful to many other compJfleapplications in medicine= 
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1 7. COLLAGORATIVE ARRANGEMENTS --.- .._. -__. 
As mentioned above, this project requires access to the SWlEX Resource at 

Stanford. The author is currently actively participating in the SUi5EX Resource 
and has been for the past 6 months since he moved from Princeton to Santa Crux. 
Currently SUMEX is providing computer time, disk space (4 K pages), one leased line7 
modems for that line, and TYHNET access. The author has discussed this prop<?sal 
with NIH and with Dr. Joshua Lederberg , principal investigator of the SWIIEX recout:cc- 
The arrangements we have made are that this project would attempt to cover all tcr- 
minal and communication costs, would provide a disk drive to increase the file 
space on SWiEX which is desperately needed, and SU?lEX would provide an allocation 
of computer time and disk space for this research. A letter from Dr. Ledcrberg 
describing these negotiations is enclosed as Appendix 1. 

Rp’ 

i The significance of this research to the SW~EX-A$ community is that it provide: 
in extended capability for dealing with biomolecular structures, for representing 
:hemical transformations, and for evaluation of properties of biomolecules based 
)n their graph theoretical and three-dimensional structure. This project will serve 
1s an experiment for the feasibility of remote interactive graphics which is of 
nterest to many SUib1EX-AIM research proj.ects. 
Jill be available to all of the community, 

Our experience and research results 
as well as OUT programs and algorithms- 

[n this past .six months of bci::g a part of the SWEX-~1i.1 community, I believe this 
7eSearCh has benefited from the dynamic interaction with other scientists interested 
n advanced computer science applied to medical problems. Our joir,t group meetings 
with the DENDRAL project at Stanford has been stimulating and hopefully will be able 
-0 continue. 
into 

Already our model builder and graphics techniques have been adopted -- 
SUi.;DX-AIitii research programs of other investigators. I am sure there will be 

1 Continuing transfer and sharing of science and technology in the future. 

SQiEX-AIM is very important to this research, for it is the only source Of 
:onputing available which meets 
Ckus 

the.needs for large interactive programs like SDCS. 
9 this'project as it is presently conceived is dependent on the availabiiity of 

1 large sophisticated timesharing system. Since there is none at Santa Cruc, access 
:o the SWEX system is important to the success of this research. 

3. FACILITIES AVAILABLE 

1 DEC GT40 graphics terminal 
1 CD1 model 1030 thermal printing terminal 
1 9 trk high speed magnetic tape drive 

II?fi 360/40 computer (computer center) 
500 square feet of space for this project, equipment and desks 

G, PRINCIPAL INVESTIGATOH ASSURANCE 

The'undersigned agrees to accept responsibility 
for the scientific and technical conduct of the 
research project and for provision of required 
progress reports if a grant is awarded as a re- 
sult of this application. 

Date Principal I&estigator 
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