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Synthesis and screening of compound mixtures offer avenues to increase throughput and reduce cycle time
in the discovery of new drugs and agrochemicals. Equations are derived which show that the efficiency of
synthesis and screening of mixtures is a function of the screening hit rate and the number of compounds in
each mixture when simple one-step deconvolution by retesting the individual compounds in each active
mixture is employed. Values of hit rate and number of compounds in each mixture which afford various
levels of increased efficiency are delineated. Two-step deconvolution, in which the active mixtures from
the first round of testing are subdivided into mixtures with fewer compounds for a second round of mixture
screening prior to final testing of individual compounds, is shown to be more efficient than simple one-step
deconvolution under most conditions. For optimum efficiency, the number of compounds in each mixture
in the second round testing should be the square root of the number of compounds in each mixture in the
first round. At high hit rates the efficiency of the double scan or indexed approach to deconvolution is
shown to be higher than that of simple deconvolution. This discussion is oriented mainly toward mixtures
of 4—20 compounds and screens which give hit rates in th&0%6 range. The equations describing efficiency

are applied in the context of a 49-member amide library produced as mixtures of seven compounds. This
library includes the commercial herbicide pronamide and was screened for herbicidal and insecticidal utility.

Introduction When designing libraries consisting of mixtures of com-
It is generally accepted in the pharmaceutical and agro- pounds, several issues must be confronted. First, the synthetic

chemical arena that 20,000 or more compounds must beStrategy should be robust enough to provide roughly equal
screened to find one commercial product. This has led to Mmolar concentration of each component in each mixttn;

the ongoing development of techniques to rapidly synthesize Second, analytical methods should allow the identification
and screen large numbers of compounds. In particular, inand quantification of each componéft;® and finally, the
recent years advances in the design and synthesis ofiological test must be amenable to the evaluation of
combinatorial libraries have led to the preparation and mixtures?¢—8 Also, consideration should be given to the
screening of large numbers of new compounds either aspossible biological interactiorf§.

single entities or in mixtures:*? Synthesis and/or screening n thi | in detail th d ¢
of mixtures of compounds is one approach to increase n this paper we analyze in detail the pros and cons o

throughput (number of compounds screened or Synthesizeosynthesis -and scre.ening-of migtures apd Qelineatg conditions
per unit of time) and reduce the time to discover a new under which working with mixtures is likely to improve
product. throughput using or slightly adapting the existing “one at a

Judicious design of mixtures of compounds can increasetime” screening procedures. The first question to be ad-
substantially the throughput with respect to the “one at a dressed is: is it possible and advantageous to use standard,
time” method'3~1¢ When mixtures of compounds are syn- one compound at a time, screening procedures for testing
thesized and screened, a deconvolution step is necessary tomixtures? The advantage or maximum efficacy of this
determine which molecule(s) is(are) responsible for the approach will arise from a compromise between the number
biological activity!’~#? Mixtures of compounds may be of compounds present in the mixture and the expected hit
produced by combining a number of pure compounds rate (percentage of active compounds present in the library).
prepared individually or synthesized as mixtures. Screening\ye will analyze the screening process and its effectiveness
of mixtures has met with the greatest acceptance in new lead, the testing of mixtures (section I). We will continue with

d_lscovery where a low hit ratells anticipated, while screening considerations and benefits on the synthesis of discrete
single pure compounds remains the preferred mode for lead

2 mixtures (sections Il and Ill). Finally, we will also present
optimization.

the results obtained with a small library screened for
t Ramon Llull University. agroghem|cal utility in the context of the theoretical analysis
*Rohm and Haas Company. (section 1V).

10.1021/cc0000390 CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/26/2000



Ruminations Regarding the Design of Small Mixtures Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 659

Discussion as a function of the concentratio@4( C,, Cs, ...C,) of each

I. Biological Screening. I.1. Biological Screening As- ~ compound:

say: Quantity of Test Materials and Detection Limit. The ) , . )
sensitivity and detection limit threshold of a given biological biological activity (mixture}=1(C,, C;, G, ... G) =
assay will influence the nature of the mixture, in terms of = k, + k,C; + k,C, + ksCs + ... k.Cpy .. + ki,C,C, +
both the amount of each compound in the mixture and the ¢ C, + k,.C,Cy+ ...k, C, Cy ..t Ky CiC,Cs + .+
number of compounds per mixture, that can successfully and KOC? L kPc2 1 Kk @c? 4
reliably be tested. The pharmaceutical industry has developed 1™ 2 2 7 fmo Mmoo o
highly specific and very sensitive assays that can successfully KnCp ok PC P 4 ko TTC I jC k.
detect/evaluate the activity of thousands or even millions of
compounds simultaneously at nanomolar concentrafitms.  The design of the mixture should consider any chemical,
this case the slow process is to identify the active compound-physicochemical, and particularly biological interactions
(s) present in the mixture. In the agrochemical industry, this between compounds. Synergism or additivity can lead to false
type of assay is less common and the majority of the assayspositives and antagonism, depending on the assay, to false
utilized are in vivo whole organism biological tests designed negatives. If the test procedures and the mixture design can
originally for the evaluation of one compound at a time. minimize or eliminate the cross termiq () — 0) in the
Agrochemical assays also use larger quantities of materialabove equation, then we can envision that the new factor
than can be produced on a single bead, and for this reasonntroduced by the mixture approach is solely additilel¢
the split/mix with encoding technique is not applicable. In terms). A false positive will lead to a waste of resources
this discussion, we are especially interested in the latter, forcing a retest of the individual components of the mixture,
posing the question of whether these in vivo whole organism which may require resynthesis and/or separation (deconvo-
assays can be utilized for the biological characterization of |ution).
discrete mixtures composed of 20 or fewer compounds. |In this study we will consider that any chemical and
Special attention must be given to the total amount of test physicochemical incompatibilities are minimized, or totally
material applied to a given biological test, because the eliminated, by the design of the mixtures and by physical
solubility of the mixture will be a function of the solubility — manipulation of the test sample. It is anticipated that
of each individual compound and the number of components. chemically similar compounds will have also similar biologi-
Also, the specific limitations of each test will determine the cal activities leading to additivity problens.
upper limit of amount of test material that can be applied.  Designing mixtures containing similar compounds will
The total number of compounds evaluated simultaneously increase the global efficiency because active compounds are
in a mixture will also depend on the detection limit of the more likely to occur in a few mixtures and thus fewer
biological test in consideration. In many cases, compounds mixtures will need to be deconvoluted. However, in small
are evaluated at several different doses. Let's consider alibraries it will also increase the number of false positives
generic biological test run at three or four different doses, due to additivity of several weakly active compounds.
e.g., 15, 60, 250, and 1000 ppm where 1000 ppm is the Conversely, designing mixtures containing very dissimilar
largest quantity of applied chemical tolerated by the test. If compounds will lead to active compounds occurring in a
a four-compound mixture containing one compound active |arger number of different mixtures. This will reduce the
at 250 ppm is applied at 1000 ppm, the assay should give anumber of false positives but will also increase the number
response similar to that obtained by testing the active of testing operations needed to identify the active compound-
component alone at 250 ppm. Similarly, a 16-compound (s) present in the library, because more mixtures will need
mixture containing one compound active at 60 ppm should to be deconvoluted. Each case should be evaluated carefully
give a response similar to that obtained by testing the activeto decide which is the most efficient approach.
component alone at 60 ppm. If this is the case, biological |n this analysis we will always assume the worst case for
evaluation of mixtures containing from 1 up to 16 compounds the number of testing operations needed to identify the active
can be performed without modification of the existing test compound(s), that isDesign the most dissimilar mixtures
protocol, providing that missing a compound in a mixture expecting similar actie compounds to occur in different
that is only active at higher doses can be tolerated. mixtures, leading to the largest number of mixtures to
I.2. False Positives/False NegativeShe occurrence of  deconolute
false positives and false negatives is inherent to any Our analysis will show that even in this case a considerable
biological test. When mixtures are being evaluated, the decrease in the number of testing operations needed to
effects of false positives and false negatives are compoundedidentify the active compound(s) is expected when the hit rate
The biological activity of a single compound as a function js pelow 10%.
of the concentration@,) can be written as a power series 1.3. Influence of the Number of Compounds in a
expansion: Mixture (N) and the Hit Rate (HR) on the Screening
. ) . Efficiency. Before discussing the general case, we will begin
biological activity=f(Cy) = with a hypothetical example. Let's assume that we want to
k, + k:Coy + k,IC,2+ k,C, 2+ ... analyze alibrary of 1000 compounds in 250 four-compound
mixtures M = 250,N = 4). As stated above, the worst case
For a mixture ofn compounds, this expression can be written for the number of operations needed to identify the active
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Table 1. Screening Efficiency as a Function of the Hit Rate (HR)

no. of active no. of active total no. of screening
HR compds mixture$ deconvolutiof operations efficiency
0.001 1 1 4 250+ 4 =254 1000/254= 3.94
0.01 10 10 40 290 3.45
0.025 25 25 100 350 2.86
0.05 50 50 200 450 2.22
0.075 75 75 300 550 1.82
0.10¢ 100 100 400 650 1.54
0.12% 125 125 500 750 1.33
0.19 150 150 600 850 1.18
0.179 175 175 700 950 1.05
0.020 200 200 800 1050 0.95
0.25 250 250 1000 1250 0.80
>0.25 >250 250 1000 1250 0.80

aHit rate (HR); defined as the fraction of active compounds in the libra@ne thousand-compound library divided in 250 mixtures
(M) of 4 compounds eachNj. ¢ Assuming 1 active compound per mixtufeNumber of individual compounds to be retested (number of
active mixtures multiplied by 4% Number of operations to test thé initial mixtures plus the number of individual compounds to be
retested in the deconvolution step. In this case 25@ctive mixtures)x 4. f Defined as in eq 19 Hit rates lower than 0.1 show screening
efficiencies> 1.5." Borderline improvement in the screening efficienciot an improvement in the screening efficiency.
compounds is when each active compound is present in acompounds in the library is the produgt*N. Obviously,
different mixture. To determine which are the biologically the number of tests needed to screen the library in the “one
active compounds without considering replicates we need compound at a time” approach k*N. Using the mixture
to run approach, initially we only need to rum tests and later retest

1000N = 1000/4= 250 mixtures— 250 initial tests individgally (_deconvolute) only the compounds present in
) _ ) ~ the active mixtures.

If the hit rate, HR, defined as the fraction of compounds in |t 4R s the hit rate, previously defined as the fraction of
the library active at the concentration at which they are tested gqtjve compounds in the library, theDM*N*HR is the
in the mixture, is 0.001, only 1 compound in the entire set ,ymper of active compounds present in the library. The worst
in consideration is active and only one mixture will be active. .ase for the rate of biological evaluation, the screening
We will then need to individually retest (deconvolute) the throughput, is when each active compound is present in a
four components of the active mixture in order to identify yitferent mixture and the produd/*N*HR is also the
the active compound. In this case, (_)nly 254 tests (250 initial jaximum number of mixtures that show activity and must
tests+ 4 retests) are necessary to find the active compound, pe geconvoluted. The most straightforward deconvolution
mstead of 1000 test_s for the traditional “one compound_ ata method is to simply individually retest each compound in
time” approach. This corresponds to a 3decrease in  ihe mixture. Applying this protocol requireit N*HR)* N
the number of tests that need to be run or, conversely, a— \;*N2*HR additional tests since there akecompounds
concomitant 3.94 increase in the efficiency of biological i each mixture. TheM + (M*N2*HR) is the total number
screening. _ of tests needed to screen a library Mf mixtures of N
_ S|m|I§1rIy, if HR = 0.01, t.here are 10 active compounds  compounds per mixture in the mixture approach.
in the'l|brary: Thus, a maximum of 10 m'Ith.JI’.ES can show | this analysis we define the screening efficiency as the
biological activity. We would then need to individually retest atig of the number of tests needed to analyze the library by
the 40 compounds present in the 10 biologically active the traditional “one compound at a time” approach, divided
m|x_tures. Therefore, a total_of 29Q tests W|II_|dent|fy the 10 by the number of tests needed to screen the library by the
active compounds present in the library, which corresponds N-compound mixture approach. Thus
to a 3.45«< improvement in the rate of biological evaluation,
which is to say, a better use of screening resources. The screening efficienc M*N
analysis for different values of HR for this library is presented 9 Y M + M*N*HR
in Table 1. From Table 1, we can easily see that if HR
0.25, 25% of the compounds in the library are active, there Simplifying the formula and normalizing the library, we get
are then more than 250 active compounds, and in the worstthe general expression
case, all 250 mixtures will have at least one active compound ] o
and more tests will be required to analyze the library than if Screening efficiency=

the compounds were tested one at a time. Also, Table 1 M*N = M*N
shows that for HR below 0.1, 10% of the compounds in the M+ M*N*HR Nll + N*HR]
library are active, and the increase in the screening efficiency N

is >1.5. When HR is between 0.175 and 0.20, the same ) o 1

number of tests are needed to evaluate the library using either screening efficiency= ————— 1)
the “one compound at a time” or the mixture approach and N T VHR

there is little increase or decrease in the testing throughput.
To analyze a general case, let us consider a libraty of Equation 1 shows that the screening efficiency is only a
mixtures of N compounds each. The total number of function of N (the number of compounds in each mixture)
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and HR (the hit rate), but it is independent of the number of 16

mixturesM. We can analyze some special cases of HR:
(a) When HR= 1/N thenN*HR = 1 and the denominator 143
of eq 1 is always> 1 resulting in a screening efficiency —4
that is always< 1. This corresponds to the situation in which 121 -6
all the mixtures have at least one active compound. ¢ 10 ‘\‘ a0
2 A .-
screening efficiency= 1 N 1 § ) i e
N+1 2 i
N +1 £ :(‘.‘.
g 6 .\ "\
(b) When HR < 1/N, some of the mixtures show no RN

biological activity, therN*HR < 1 resulting in a screening
efficiency that is greater than case (a) and might alse be
1. This is illustrated in Table 1, in the case whin= 4
then 1N = 0.25. The actual break even point for the 0 ‘ , ‘ , ‘ ‘ ‘ ‘ |
screening efficiency falls between 0.175 and 0.20 and not 0.001 001 002 003 004 005 006 007.008 009 01
exactly at 0.25. When the screening efficiency is 1, the same Hit Rate

number of biological tests is needed to evaluate the library Figure 1. Screening efficiency as a function of the HR ad

by either the “one compound at a time” method or the e 2. Maximum Hit Rate (HR) as a Function of To
mixture approach. Then from eq 1: Achieve Various Levels of Screening Efficiency

1 (Egs 2, 3, and 4)
1= 1 allowable hit rates
=+ N*HR - - -
N screening screening screening
] N efficiency > 1 efficiency > 2 efficiency > 4
which can be rearranged to 5 20.2500 =0.0000
N—1 3 <0.2222 <0.0556
For screening efficiencys 1~ HR=—— 2 4 =0.1875 =0.0625 <0.0000
N 5 =<0.1600 =<0.0600 =<0.0100
6 =<0.1389 =<0.0556 =0.0139
For the hypothetical example & = 4 we find that the 8 <0.1094 <0.0469 <0.0156
turning point at which the screening efficieney 1 occurs 10 =0.0900 =0.0400 =0.0150

at HR = 0.1875, which is in agreement with the value ) o .
between 0.175 and 0.20 indicated in Table 1. Similarly, eq Table 3. Screening Efficiency as Function dfand HR
1 can be solved for any desired level of screening efficiency, Eq 1)

in the most general case: screening efficiency
. - N HR 0.001 HR 0.01 HR 0.05 HR 0.1
N — (screening efficiency)
HR = 2 1.99 1.92 1.67 1.43
(screening efficiency) N? 3 2.97 2.75 2.07 1.58
4 3.93 3.45 2.22 1.54
Resolving for specific cases, e.qg. 5 4.88 4.00 2.22 1.43
N—1 6 5.79 4.41 2.14 1.30
; - _N— 8 7.52 4.88 1.90 1.08
For screening efficiency 2 HR= e 3) 10 909 500 167 091
15 12.24 4.61 1.22 0.94
_ o N—4 20 14.29 4.00 0.95 0.95
For screening efficiency 4 HR= " 4)

efficiency approaches the origin (Figures 1 and 2). From
The values of HR given by eqs 2, 3, and 4 for various values Figure 1 we can see that the maximum screening efficiency

of N are tabulated in Table 2. Thus if a screening efficiency is equal toN, (HR = 0). Analyzing Figures 1 and 2
of 4 is required to justify use of mixtures, the maximum hit graphically for a giverN and the maximum expected HR,
rate that can be tolerated is 0.0156 which occurs wien the average screening efficiency is related to the area under
8. Furthermore, if any active compounds are expected, thenthe corresponding curve (application window). The greater
N must be=5 if a screening efficiency o&4 is to be the application window, the greater the screening efficiency.
attained. Accordingly, it is possible to increase the screening efficiency
From eq 1 itis possible to study analytically (results shown by using two curves at the same time, and this case will be
in Table 3) and graphically (results presented in Figures 1 treated in more detail later (see section I.4., eqs 7 and 8).
and 2) changes of the screening efficiency for different values In eq 1 and Figures 1 and 2 we have considered a library

of Nand HR. It is important to note that when HR0.03— with an infinite number of points although, in fact, we have
0.1, the maximum screening efficiency falls somewhere discrete integers. Moreover, the HR of the library in a new
betweenN = 4—6, (see Figure 1). With increasing, the assay is an unknown, as it is impossible to know the number

curve sharpens and the turning point for the screening of positive hits before screening. One solution is to test a
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T (a) First consider the case in which there is a greater
o a— number of mixtures than there are compounds in each
T mixture, i.e.,M > N or alternativelyM/N > 1. In practice,

il the expressioM — M/N must be an integer. For example,
in a library of 60 compounds divided into 15 mixtures

(M = 15) of four compounds eachi(= 4), resolving yields:

M- % =15—-3.75=11.25—11

Screening Efficiency

Then 11 is the maximum number of mixtures that can show
o . biological activity and still the mixture approach will provide
' e faster analysis of the library than by the traditional “one at

0.01 0.02 0.03 0.04 0.05 0.06 007

i Rste a time” method. Eleven active compounds in a library of 60
Figure 2. Screening efficiency as a function of the HR aNd compounds corresponds to 18% of the compounds in the
(expanded). library being active (HR= 11/60= 0.18). Now consider

. - . the same 60-compound library formatted in 10 mixtures
small set of mixtures similar to the proposed library to assess(M = 10) of six compounds eaciN(= 6). ThenM — M/N

the H:T Oﬁf. the newf?ﬁsay. However(,j tt?]'s wil ﬂ_ecre:;e t_rllle = 10 — 10/6 = 8.33, and the maximum number of active
gvera deh |C|e_r|10y Oh € process,ta? tr? resmlJ I?gd ) \;V' compounds that may be present in the library and still allow

epend heavily on how representative the selected mixtures, gain in the screening efficiency is 8 (HR 0.13).
are of the proposed library. For an existing test, it is possible

i timat lue for the HR based the t (b) Consider nowM < N. In this case we have an equal
0 estimate an average vajue for the vased on the .eStnumber or fewer mixtures than compounds present in each
historical results, although we must keep in mind that this

. : . . of the mixtures. In many published studies this arrangement
estimate depend_s heavily on the diversity and classes thas been implemented: small numbers of mixtures each
gompounds prewqusly tegted. If the compounds of the new containing thousands or millions of compounds have been
libraries are drastically different from the compounds in used in the first round of screeniag Obviously, M/N < 1
historical testing, the library HR may vary greatly from the and from eq 5M — M/N will alwaysilie betweer'M anaM
histo_rical HR.‘ I_n addition, certain types of assay targets are _y consider again the same 60-compound library but now
considered difficult and very low hit rates are obtained, e.g., let us divide the library in six mixtures of 10 compounds
protein—protein interactions while other targets give inter- o Resolvingl — M/N = 6 — 6/10= 5.4. In this case
mediate hit rates, e.g., enzyme inhibition tests. The first tier, only .five compounds (HR= 0.08) may s;hé)w biological
yvhole organism tests commonly.used n the agrochemical activity and still permit a gain in the screening efficiency.
industry are typically run to yield hit rates in the range 6:01 Obviously, when there is no active compound present in the
0.10. This makes it worthwhile to reverse the argument and !

| 1f th int of vi f th b f library, no deconvolution is necessary and thle < N
reanalyze €q . Irom the point of view of the number o arrangement will result in a substantially better screening
mixtures that may show biological activity.

Let . i lib M rmixt N efficiency. When only one mixture shows biological activity,
€S again consider a fiorary oM mixiures o ._the total number of tests necessary to identify the active
compounds, as before the total number of compounds is

i + > < N.
M*N. Multiplying both sides of eq 2, which relates HRNo compound is alway1 -+ N whetherM = N or M = N

hen th . fici 1 N ant f However, when more than one mixture shows biological
when the screening eticiency 1s L, By*N, constant for a activity, theM > N arrangement always leads to faster library
given library, we get

characterization. Therefore, as a general rule when decon-

N—1 volution consists of screening all compounds in the mixture,
M*N*HR = [ N2 ]*M*N we can state that, except when there is no active compound
in the library, to gain in screening efficiency libraries should
be designed such that

number of active compounds M — %
M=N (6)

or i.e., to gain in screening efficiency the number of mixtures

) ) ) M must be equal to or greater than the number of compounds

maximum number of active mixturesM — - (5) in each mixture, except when there is no aetcompound
present in the library.

As before M*N*HR is the number of active compounds Following the same procedure we can calculate screening

present in the library and, in our analysis, the maximum efficiencies as a function of various values of active mixtures

number of mixtures showing biological activity. Taking HR andN. Table 4 shows the calculated screening efficiencies

from eq 2, now eq 5 becomes the maximum number of for different combinations ofM, the number of active

mixtures that can show biological activity and still will be  mixtures, andN for a hypothetical 60-compound library. As

faster to analyze the library by the mixture approach than we can see, when some activity is expected Mhe 10, N

by the traditional “one at a time” method (screening = 6 combination is equal to (only one active compound

efficiency > 1). Let us again consider some special cases: present in the library), or better than (more than one
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Table 4. Screening Efficiencyas a Function of the Number of Active Mixtures and the Number of Compounds in Each
Mixture (N)

screening efficienc(%)f

number of active mixturés
MmP Ne 1 2 3 4 5 6 7 8 9

20 3 260(5.0)  23(10) 2.1(15) 1.88(20) 1.71(25)  1.58(30) 1.46(35)  1.36(40)  1.78(45)

15 4 320(6.7) 2.6(13) 2.2(20) 1.94(27)  1.71(33)  1.54(40) 1.40(47)  1.28(53)  1.18(60)

12 5 350(83) 2.7(17) 22(25) 1.88(33)  1.62(42)  1.43(50) 1.28(58)  1.15(67)  1.05(75)

10 6  3.80(10)  2.7(20)  2.1(30)  1.76(40)  1.50(50)  1.30(60) 1.15(70)  1.03(80)  0.94(90)
6 10  3.80(17)  2.3(33) 1.7(50)  1.3(67) 1.07(83)  0.91(100)

a|n a 60-compound librarn2 Number of mixtures¢ Number of compounds in each mixtufgNumber of active mixtures Number of
operations in the “one at a time” approach (60) divided by the number of operations in the mixture apidPeactntage of active mixtures.

Table 5. Maximum Number of Active Mixtures Tolerated Table 6. Number of Operations Needed To Analyze the
by the Mixture Approach as a Function of the Number of Library as a Function of the Number of Mixtures That Show
Mixtures (M) and the Number of Compounds in Each Activity
Mixture (N)?2 M* N° M*N° | Number of Active Mixtures
active active 0 1 2 3 4 5 6 7 8 9 10
MP NS mixtures e MP NS mixtured e , A ;Iumt;er 0f60perauons Needed to Evaluate the Library
60 2 30 50 10 12 9 90 3 6
40 3 26 66 8 15 7 87 ; 0
30 4 22 75 6 20 5 83 4 16
24 5 19 80 5 24 4 80 5 20
20 6 16 83 4 30 3 75 6 24
15 8 13 87 3 40 2 66 7 28 35
12 10 10 90 2 60 1 50 8 32 36 40
9 36 37 41 45
a Calculations made in a 120-compound librdtyNumber of 10 40 38 42 46 50

mixtures.¢ Number of compounds in each mixtufeCalculated 1
from eq 3 (maximum number of active mixturesM — M/y) and
rounded to the lower integetPercent of active mixtures with
which the mixture approach still shows a gain in the screening
efficiency.

40 4 48 52

44 49 54
45 50 55 60

<

= 6, N = 10 combination in terms of screening efficiency,
i.e.,, M = N is the best choice. As the number of active
mixtures increases, the screening efficiency decreases more
rapidly with N. For all values ofN, the screening efficiency 2Number of mixtures® Number of compounds per mixture.
falls under 1.5 with more than six active compounds in the ° Total number of compounds in the library.
library (HR > 0.1), falls under 2 with more than three active ~ We can also analyze special cases that might occur during
compounds in the library (HR 0.05), and never exceeds 4. the deconvolution process. Let us assume that the deconvo-
Similarly we can expand the analysis to a 120-compound lution of the most potent mixture yields a novel highly active
library. Results are shown in Table 5. In this caseNas  compound. One might then choose not to deconvolute the
decreases we can have a higher number of active mixturesyemaining active mixtures. How much would the screening
which is to say more active compounds present in the library, efficiency increase if only that most active mixture were
and still have an acceptable screening efficiency. Table 5deconvoluted? To analyze this possibility we can again
shows very clearly thait! = N leads to improved screening consider the hypothetical example of Table 1, a library of
efficiency. The above rules and formulas are directly 1000 compounds divided into 250 four-compound mixtures.
applicable for large numbers of compounds formulated as If the first round of testing yielded 10 active mixtures and
small mixtures where deconvolution involves only the only one active mixture is deconvoluted. the screening
synthesis of all compounds in the mixture where discrete efficiency will increase from 3.45 to 3.94 (Table 1). It can
numbers can be treated as continuous. Table 6 shows theasily be seen in Table 1 that the larger the number of active
number of operations needed to analyze small librarid$, mixtures, the larger the gain in screening efficiency realized
compounds, as a function of the number of mixtures that by deconvoluting only one mixture. We can also analyze a
show activity. An increase of at least 50% in the screening general case. Consider the same librarjofixtures ofN
rate (screening efficiency 1.5) is highlighted. Inspection  compounds each. The total number of tests needed to analyze
of Table 6 makes it clear that the starting point for the the library in the “one compound at a time” approachig\;
mixture approach to afford a gain in screening efficiency is however, if only one mixture will be deconvoluted the total
M > 3 andN > 3. number of tests necessary to identify the active compound
Identical considerations of HRVl, and N apply to the is M + N. We have previously defined the screening
number of reactions required to produce a library for efficiency as the ratio of the number of tests needed to
screening (vide infra I1.4). analyze the library by the traditional “one compound at a

50 58
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S
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compound in the library shows biological activity), tive é
;
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time” approach divided by the number of tests needed to hit rate HR2 isn/N, which occurs when there is one active
screen the library by thé&l-compound mixture approach; compound per mixture. Let us again consider a generic
similarly we can define the screening efficiency with library of, as before M*N compounds. The number of
deconvolution of only one mixture as the ratio of the number operations to biologically evaluate the library by the “one
of tests needed to analyze the library by the traditional “one compound at a time” method M*N. If the library is tested
compound at a time” approackitN), divided by the number as M mixtures of N compounds each, then, as before,
of tests needed to screen the library by tl€ompound M*N*HR is the number of active mixtures. Dividing the
mixture approach deconvoluting only the most active mixture compounds in the active mixtures into new smaller mixtures
(M + N). Thus in this case of n components leads tdvi* N>*HR)/n, the total number

of mixtures to be tested in the second round of testing, and

*
screening efficiency deconvoluting one mixtt#% M*N2HR . n
-k

n N
To estimate the increase in screening efficiency realized by _ _ _
deconvoluting only the most active mixture instead of all i the total number of active mixtures in the second round
the active mixtures present in the library, we can utilize in of testing. Thus finally
any given case the above equation and eq 1. 5
; : - M*NHR , n

I.4. Two-Step Deconvolution.On the basis of the previous ———% %

analysis we can envisage increasing the overall throughput n N

by using two curves at a time (see Figures 1 and 2). This is the total number of compounds to test individually in a
will enlarge the application window of the method. We will  third phase of deconvolution. Then similarly to eq 1 we can

first divide the library intoM mixtures ofN compounds per  express the screening efficiency in the double step testing
mixture as before but with a large valueNfAfter biological method as

evaluation the compounds present in the active mixtures are

now retested in mixtures containimgcomponents in each  screening efficiency: M*N

mixture wheren < N. That is to say, perform a first set of M4 M N°HR LM N°HR, n,
tests using the largerN" available, and then retest the n N N
compounds in the active mixtures formatted as mixtures with
a smaller h". Within this sublibrary the hit rate will be
substantially higher than for the entire library. We designate . . 1

this as HR2. Finally, the individual compounds in the screening efficiency= 1, N, . 7
mixtures active in the second biological evaluation are N+ﬁ HR + m*HR

retested one at a time. This type of protocol, generally with

more than two steps, has found considerable application withAS In €9 1, we can consider special casesfandN. As in

very large libraries produced by split and mix solid phase €d 1, for the screening efficiency to bel, HR must be<
synthesis and is usually termed iterative deconvolution. 1/N. Whenn =1, step 2 is the final deconvolution step and
Recursive deconvolution is a particular implementation of €d 1, noteq 7, is valid. If HR 1/N, all mixtures from step
iterative deconvolution that reduces the amount of resynthesisl are active but step 2 can still identify the active compounds
needed to complete the deconvolution procedtrghe  if HR < 1/n.In other words if 1t > HR = 1/N then

methqd of synth_esis defines the composi'gion of the mixtures screening efficiency=

used in the various steps of deconvolution. Following the

same process used above, let us first analyze a 1000- T 1 for IN=HR=1n (8)
compound library formatted as 100 mixturéd € 100) of N + n + mHR

10 compounds in each mixtur& (= 10). If 10% of the

mixtures are active (HR= 0.01) and still assuming one active If HR is also=1/n, then all the mixtures in step 2 are also
Compound in each mixture, then there will be upto 10 active active, and the complete library must be deconvoluted. Thus
mixtures of 10 compounds each. If in the second step we When HR= 1/n, from eq 8

use mixtures of five compounds each~ 5) then we divide

n

resolving,

. .- 1
the 100 compounds from the 10 active mixtures into 20 screening effICIEHCY:W <1
mixtures of five compounds each, of which only 10 mixtures N + n +1

will show biological activity (we still assume the worst case,

i.e., each active compound occurs in a different mixture), In fact, considerations similar to those with the simple, one-
then the hit rate of the second round of testing HR2 will be step deconvolution still apply. It is interesting to note that
10/20=5/10= 0.5. If in the second step we instead divide to take full advantage of the technique for all compounds,
the 100 compounds from the 10 active mixtures into 50 N must be a multiple o (vide infra) Experimentally,
mixtures of two compounds each € 2), then the number  perhaps the best strategy will be to prepare first the
of active mixtures in the second round of testing will again n-compound mixtures and combine these to produce the
be 10. If we again assume one active compound per mixture,N-compound mixtures for the first round of testing.

the second hit rate HR2 is brought to 10/502/10= 0.2. Utilizing eq 7 we can further study how a given value of
In general we can say that the maximum value of the secondN can determine the different possible values ahd hence
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Table 7. Number of Operations in the Two-Step
Deconvolution Approach
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Table 8. Possible Reagent Combinations for the Preparation
of Three-, Four-, Five-, and Six-Compound Mixtures

number of

mP ne operations
2 50 52
4 25 29
5 20 25
10 10 20
20 5 25
25 4 29
50 2 52

aCalculated starting with mixtures of 100 compounds each
(N = 100).° Number of mixtures in step 2, double scan method.
¢Number of compounds in each mixture in step 2, double scan
method.

m, the number of second round mixtures. As a simple
example, ifN = 16 there are only three possible pairs of
values fom andm: 8,2; 4,4; or 2,8. In the general casen

it is clear thatN = n*m (in this example 2*8, 4*4, and 8*2).
ReplacingN in eq 7 byn*m

screening efficiency= 1 1 ! =
24 "™MyR 4+ n*HR
N n
1 1

: (©)

N T MHR +n*HR %+ (n+ m*HR

pa qb N¢ pa qb NC

ONRARP®
PNARPWER
abhhDdMDPMO®W
WN RO R
N Wo R Ol
oo oou

aNumber of reagents A Number of reagents B.Number of
compounds per mixture.

Il. Synthesis. 1l.1. General Considerations.We will
focus our analysis on the design of synthetically prepared
mixtures, i.e., reacting reagent With different reagents 8
to afford products AB1, AiBy,...ABq in the same reaction
flask. Ideally the mixture should be prepared by a one-pot
reaction where a set of reactantg and B, would reach
completion to give a “pure” mixture of the expected products
ApBq without any byproducts This objective can frequently
be realized in solid phase synthesis where reactions are driven
to completion by use of excess reagéefitt our analysis,
we assume that chemistry development has optimized the
reaction conditions, so as to give a “pure” mixture. Also we
will only consider reactions in which multiple reagents yield
a single product:

A+B+..—C (10)

The difference between eq 9 and eq 1, the simple one-stepin the case in which multiple reagents lead to multiple

approach, is that HR is multiplied by+ minstead ofN. In
every casen + m < N becauseN = n*m, which requires

that the two-step approach is always better than the one-

step approach except in the caseNof= 4 when there is
only one value fom = m = 2 andn + m = n*m. In this

products,
A+B+C+..—D+E+.. (11)

we assume that chemistry development has included imple-
mentation of a purification system that delivers only the

case the screening efficiency is the same in the one-step anq}esired products, for instance D, to be isolated and sent to

two-step ap_proaches. The numbers of tests requwed tobiological screening in which the analysis of the latter case
analyze the library are exactly the same, but now testing more

mixtures instead of single compounds in the deconvolution
step.

Sincen + m= m + nin the two-step approach, it is the
same to tesh mixtures of mcompounds and then decon-
volute or to testm mixtures of n-compound and then
deconvolute. For instance, in the casé&of 16, the number

of operations needed to test eight mixtures of two compounds
each and then deconvolute is the same as to test two mixture&Y
of eight compounds each and then deconvolute. In both case

the number of operations is8 2 (or 2+ 8). The maximum
screening efficiency occurs when+ mis minimum, and
recalling basic mathematiésthis happens when = m =
VN . In the previous example, 4 4 = 8 is less than 2+

8 = 10. We can further exemplify this with the following
case: for any given library of compounds let us assiNne
= 100, then the possible values forand m are shown in

will be identical to the case in eq 10.
For a two-component reaction yielding one product such
as

A+B—C (12)

the commercial availability of either starting materials will
affect the strategy selected. In general the more readily
ailable and hopefully the cheaper compound should be

é,lsed in excess (vide infra, section 11.2).

I1.2. Mixture Design. Let us consider @*q combinatorial
library arising from combining " reagents A and ¢’

reagents B.
A,+B,—AB, = Cy (13)

If we want to make mixtures oN = 3—6 compounds,
solving the equatiop*q = N for integer values op, g, and

Table 7. From Table 7 we can easily see that the maximum N values, we find the possible combinations of reagents: For

screening efficiency occurs when= m = 10 = +/100.

In general we can state thiatthe range ofvalidity of eq
7, if n*m = N, it is equivalent to use the pairings (N,n) or

a mixture of three components, there are only two possibili-
ties: g=1,p = 3, andq = 3, p = 1. In the case of four-

way mixtures, there are three possible combinatiogs:

(N,m) to run the tests. The maximum screening efficiency is4,p=1;q9=1, p = 4; andq = 2, p = 2. Similarly we can

achieved when N= n? (i.e., n=m), as in the pairings N,m
= 100,10; 25,5; 16,4; or 9,3.

analyze four-, five-, and six-compound mixtures. These
combinations are summarized in Table 8.
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Table 9. Sixteen-Compound Combinatorial Library

B, [B, |B, |B,
A, |CIl |CI1Z |C13 |Cl4
A, |C21 |C22 |[C23 |C24
A, |C31 |C32 |C33 |C34
A, |C41 |C42 [C43 |Cc4a4

As a working example we will consider a {A)*(B1-4)
square 16-compound combinatorial library (Table 9) that can
be produced as four four-compound mixturés € 4) in

which reagents B are commercially available. There are three

possibilities for synthesizing the 16-compound library (4
x (B1-4) as four-compound mixtures:
(@) @4x1) eg. (A+A+A;+A)+B —
AB, +AB, + A;B,+A,B; (columnsin Table 9)
(b)(1x4) eg.A+(B,+B,+B;+B)—
AB, +A,B, + A,B;+ AB, (rowsin Table 9)
©)(2x2) eg A+A)+(B;+B)—
A;B;+AB,+ A,B;+ A,B, (quadrantsin Table 9)

Assuming that B is commercially available but A is not,
case (a) (4x 1) is more favorable than case (b) (1 4)

because the cheapest reagent can be used in excess if need

to drive the reaction to completion. Case (c){22) on first
examination seems more favorable than either (a) or (b)

because it needs only four operations such as weighing,

transferring, etc., instead of five as in cases (a) and (b) to
prepare the final mixture (vide infra, section 11.3). However,
kinetic factors will generally influence case (c); for instance,
if A3 is more reactive than Aand B is more reactive than
B4, products AB3 and AB, will be likely produced in greater
amounts than 8, and ABs.

(A;+A)+(B;+B)—AB;+AB,+ (AB,+A,B)
(14)

In the special case where the chemistry involved proceeds
such that all the expected compounds are produced in similar
equimolar amounts, case (c) can be a useful approach. In

the well-studied case of peptide bond formation, attempts
have been made to compensate for the lower reactivity of
certain amino acids by increasing their concentratfoft.

In general, however, it will be synthetically simpler to

optimize cases (a) and (b) than (c); therefore, the safest

mixture designs are thé&l(x 1) or (1 x N) arrays (columns
or rows of Table 9, respectively).
[1.3. Number of Weighings. As shown in the prior

Teixido et al.

number of weighings for all reagents isl2Nhen preparing

a mixture of N compounds in a single reaction from
reagents A andj reagents B, wher& = p*q, the total
number of weighings for the two starting reagentp i g.

The ratio between the number of weighings needed in the
single compound per reaction (“one at a time” approach)
and theN compounds per reaction (mixture approach) will
measure the reaction setup efficiency. Thus,

reaction setup efficiency
number of weighings for “one at a time” approach

number of weighings for mixture approach

2N _ 2*p*q
p+aq p+q

Equation 15 shows the reaction setup efficiency in terms of
the number of weighings required for a two-reagent reaction.
More generally we can consider a multicomponent reaction
such as

reaction setup efficiency (15)

A,+B,+C +D+..Z—ABCD..Z (16)

As for the specific case of a two-reagent reaction, when
preparing a single compound per reaction we need to weigh
each reagent A Bg, C;, Ds, ... Z; once.N single reactions
ead toN final products, and the number of weighings for
all reagents is jusR*N, whereR is the number of reagents
used. When preparing a mixture ldfcompounds per vessel
from p reagents Aq reagents By reagents Csreagents D,

... Zreagents Z thelN = p*g*r*s*...*z, the total number of
weighings for theR starting materials is jugi+q+r +s

+ .... The ratio between the number of weighings needed in
the single compound per vessel (“one at a time” approach)
andN compounds per vessel (mixture approach) will measure
the reaction setup efficiency. Thus,

reaction setup efficiency
R*N _ R*(p*g*r*s...)
ptg+r+s+.. (ptqt+tr+s+..)

17)

Multicomponent reactions are very appealing for library
production, because several points of diversity can be
introduced in a single reaction. For instance, the three-
component Passerini reacttéfPand the four-component Ugi
reactiofi®>”have been widely used to generate large libraries
of compounds. We can derive reaction setup efficiency
equations for these three- and four-component reactions
analogous to eq 15 for two-component reactions. For
instance, the reaction setup efficiency for the Passerini
reaction is

section, the synthesis of mixtures may also be advantageous

from the point of view of the number of times reagents need
to be weighed to produce the library. Consider a reaction in

which reagents A and B are combined to produce a product

C:
Apt By Cyq

When preparing a single compoung,Gve need to weigh
out reagents fand B, To produce a library oN final
products C one at a time, we need to MNrreactions and
weigh out A and B once for each reaction. Thus, the total

3*(p*qg*r)

reaction setup efficiency (18)
(p+a+r)
and for the Ugi reaction is
4* x *r*s
reaction setup efficiency % (29)

Table 10 shows the reaction setup efficiency calculated
as a function of the number of reagents in each vessel for a
two-, three-, and four-reagent reactions.
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Table 10. Reaction Setup Efficiency as a Function of the Table 11. p*g-Compound Combinatorial Library with One

Number of Reagents Active Member
reaction reaction i le
setup setup A, C12
N p q r s efficiency N p q r s efficiency
2 21 1.33 12 4 3 1 4.50
3 31 1.50 12 3 2 2 5.14 Cpa:! | Cpq
4 4 1 1.60 16 16 1 1 2.67
4 2 2 2.00 16 8 2 1 4.36 Table 12. p*g-Compound Combinatorial Library with Two
6 6 1 1.71 16 4 4 1 5.33 Active Members
6 3 2 2.40 16 4 2 2 6.00 | B
8 8 1 1.78 2 2111 160 2
8 4 2 2.67 33111 2.00
12 12 1 1.85 4 4 1 1 1 2.29
12 6 2 3.00 4 2 2 11 2.67
12 4 3 3.43 6 6 1 1 1 2.67
16 16 1 1.88 6 3 2 11 3.43
16 8 2 3.20 8 81 11 2.90 ; ; s .
16 4 4 2,00 8 4 21 1 400 terms of library production efficiency:
2 211 1.50 8 2 2 2 1 4.57 1
3 311 1.80 122111 32 library production efficiency= ————  (23)
4 4 1 1 2.00 12 6 2 1 1 4.80 l—i— N*HR
4 2 2 1 2.40 12 4 3 1 1 5.33 N
6 6 1 1 2.25 12 3 2 2 1 6.00
6 321 3.00 166 1 1 1 337 It should be noted that these equations refer to synthesis and
8 8 1 1 2.40 16 8 2 1 1 5.33 . f the lib . inale bioloaical If th
8 4 2 1 343 16 4 1 1 1 640 screening of the library in a single biological assay. e
8 2 2 2 4.00 16 4 2 1 1 7.11 library is to be screened in multiple assays, requiring different
12 12 1 1 2.57 16 2 2 2 2 8.00 deconvolution pathways, both the screening and library
12 6 21 4.00 production efficiencies will be lower (vide infra section IV.3).
_ . Ill. Double Scan Method. Considering gp*q combina-
We can evaluate certain special cases: (a) whenN torial library arising from combininggy” reagents A and¢’
andq =r = s=..z= 1 then the reaction setup efficiency reagents B, as a grid @fq cells (Tables 11 and 12) each
Is row can be synthesized agiaompound mixture reacting a
RN R*N single reagent A with all reagents;B. Similarly, each

reaction setup efficien = column can be synthesized aspa&ompound mixture by
P “ pti+i+..1 N+R-1) reaction of a single reagent B with all,A. In the double

(20) scan method?4+6:5861 also referred to as the indexed method,

whenN is large: reaction setup efficieney R both the row and column mixtures of a library are synthe-
sized, combining simultaneously thp*{) technique with

(b) whenp =g =r=s=..=zthen the (1 * ). Hence, if a single compound in the library is
R DR active (sayC21, Table 11) then two mixtures, row 2 and
reaction setup efficiency R*F;) =p*?t (21) column 1, should be active and the compound at the

intersection is uniquely identified as the most active com-

and wherp, g, 1, s, ..z have been designed to have similar pound in the library and should be synthesized as a single

values then pure compound for testing. However, if two compounds (say
C21 and Cpq, Table 12) are active, four mixtures are
reaction setup efficiency= p? (22) expected to be active (rows 2 apdaind columns 1 and).
Therefore, four compounds, not o321 andCpq but also
As we can see, the more similar the valueppof, r, s, CplandC2q are identified as potentially active and all four

..., the larger the reaction setup efficiency. For instance from compounds must be synthesized and tested individually. The
Table 10, wherN = 16, p = 16, andq =r = s =1, the double scan method is a special case of positional scahfing.
reaction setup efficiency 3.37; however, wheMN = 16 The efficiency of the double scan method can be compared
andp = q=r = s = 2, then the reaction setup efficiency to the simple deconvolution approach that synthesizes only
= 8. It should be reemphasized here that the effect of kinetic the g-(N x 1)-columns (or only the-(1 x N)-rows) and
factors on the product distribution discussed in section 1.2 resynthesizes all the individual compounds in the active
may detract from the better reaction setup efficiency found mixtures. For the 25-member library depicted in Table 13,
whenp=qgq=r=s..=1z the traditional (5x 1)-mixture approach would require initial
[I.4. Library Production Efficiency. Analysis of the synthesis of only the five column mixtures, while the double
number of reactions required to complete library synthesis scan method requires synthesis of 10 mixtures. If only a
and deconvolution in the mixture approach as opposed tosingle active compound exists in the library, then the simple
synthesizing one compound at a time exactly parallels the approach would require synthesis of the five individual
argument developed in section 1.3 for the number of tests components of the single active column-mixture for a total
required to screen this library. Thus eq 1 can be recast inof 10 reactions and 10 tests. The double scan method would
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Table 13. Possible Dispositions of 0, 1, 2, and 3 Active Compounds in a 25-Compound Ldbrary
|B_[B, [B B B | (B [B, [B [B [B, |
Case I - no active compounds. Case VII - three active compounds (3 rows, 1 column)

active compound (1 row, 1 co

As i
Case VI - three active compounds (1 row, 3 columns)

aThe active mixtures are light shadowed. The intersections of the active column (5*1) and row (1*5) mixtures are dark shadowed. A
possible arrangement of the active compounds is highlighted with “X”.

Table 14. Summary of Possible Outcomes

require synthesis of a single compound at the intersection

of the active column and the active row for a total of 11 no. of reactions run _ library productn efficiency
reactions, making the simple deconvolution slightly more no.of  column column
efficient. When multiple active compounds exist in the active  mixture double  mixture double
. - case compds deconvoltn scan  deconvoltn scan
library, the efficiency of the double scan method may be | 5 c T c ot
greater than that of simple deconvolution depending on the It 1 10 11 55 5 27
unknown arrangement (same or different lines) of the active 2 15 12 1.67 2.08
compounds. A number of these cases are depicted in TablelV 2 10 12 2.5 2.08
13, and the results are summarized in Table 14. Note thatV g %g’ %g; %gg %;g
three active compounds out of 25 corresponds to a hit rate 3 10 13 250 1.92
of 0.12 which is close to the limit of usefulness of the regular Vili 3 15 14 1.67 1.79
technique witiN = 5, HR < 0.16 (section I.3., eq 5). When X 3 20 16 1.25 1.56
. . ¢ 3 15 16 1.67 1.56
three active compounds are present, the library production y 3 20 19 15 132

efficiency of simple column mixture deconvolution varies
from 1.25 to 2.50, while with the double scan method it precautions are used to design dissimilar mixtures, this will
varies across a narrower range from 1.32 to 1.92. If specialtend to favor cases |, Il, V, and XI.
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If at least one active compound is expected, the chemistry ACOCT
is compatible, and the 10 reactions can be run simultaneously,
the double scan approach can be considered. Nevertheless, ol
it can be shown that the same results can be obtained with T coar © al coct
savings in reagents, although not in reactions or screens run, ©/ CIJ@/

to first synthesize, for example, thé-compound column
mixtures and, after determining which mixtures are active,
to synthesize tha-compound row mixtures usingnly those cocl cocl coa
n B reagents that led to the activity. This strategy can be d ﬁ U (I
termed the partialN x 1,1 x n)-double scan. cocl

Recalling egs 1 and 2, it can be shown that increabing ¢ 6
will result in a better performance of the double scan-indexed
strategy, if the test is compatible wilrcompound mixtures. RNH,;:
Since the arrangement of the active compounds is unpredict-
able, a single efficiency formula for the indexed strategy X NH, NH, NH
cannot be derived. However, squared arrangemengs-of Q(NHz x W
g = N reagents to give a library df? compounds can be
easily discussed here. In the cas®&of 1 active compounds A
lying in different rows and columnsN( — 1)> must be
resynthesized and tested individually to complete deconvo-

NH i NH
lution. Thus, N + (N — 1> = N? + 1 tests are needed to m ’ O/NHz
i i F
E F G

2 3

complete the evaluation of the wha\&-library. Any other
disposition of thes®l — 1 (or fewer) active compounds will
result in greater efficiency. Nevertheless, it is possible to Figure 3. Reagents used for library synthesis.
find the upper and lower limits for the efficiency that
correspond to the active compounds lying in the same line

(row or column) or in completely different row and column o K
. . . Cl Ci

positions. The number of reactions to produce the library or R N>< N

test the library one compound at a timeN& The number N\

Scheme 1. Synthesis of Pronamide and Analogues

of reactions to initially produce or test the library &b cl -
compound mixtures isi. If all the active compounds occur
in the same row or column (Table 13, cases I, II, llI, 1V, ArCOCI + RNH, — = ACONHR

VI, VII), then an additional HRN? reactions or tests of
individual compounds are needed to complete deconvolution.
Thus the upper limit for the efficiency of library production
or screening is given by eq 24:

(N x 1, 1 x N) double scan technique or, if possible, the
partial N x 1, 1 x n)-double scan method may be a useful
choice®?
IV. Experimental Example. IV.1. Library Synthesis. A
upper efficiency limit= practic;aLexamp(lje vyill c?erge to furtEer iIIustrﬁue t'helapplica-
2 *N2) — tion of the eqgs derived above in the agrochemical context.
NN+ HR™N = 1/((2IN) + HR) (24) The preemergence mitotic inhibitor herbicide pronanaBé®

However, when the active compounds all occur on different ¢@n be prepared from 3,5-dichlorobenzoyl chloride and 1,1-
rows and columns (Table 13, cases V, XI) an additional (HR dimethylpropargylamine in dichloromethane or THF with an

* N?)2 reactions or tests of individual compounds are required organic base such as pyridine using well-established chem-
to complete deconvolution. Thus the lower limit for the istry (Scheme 1). Furthermore, the chemistry is sufficiently
efficiency of library production or screening is given by eq general that related amides can be prepared efficiently under

25: similar conditions, making this an ideal chemistry for
synthesis of mixtures. Indeed amide formation has been a
lower efficiency limit= popular reaction in combinatorial chemistry.
N%(2N + (HR*N?)?) = 1/((2N) + (HR*N)?) (25) A library of 49 amides including pronamide was prepared

as a series of mixtures using the acid chlorides and amines
The actual efficiency for other arrangements (Table 13, casesshown in Figure 3. The acid chlorides selected are all
VII, 1X; X) will be intermediate between the upper and aromatic, and the amines are all moderately hindered primary

lower limits of efficiency. amines. Thus this library simulates to some degree a biased
Comparing eq 1 with eqs 24 and 25, we can conclude library that might have been designed for follow up of a
that for zero or one active compound the simgie X 1) weak screening hit. Fourteen reactions were run: first, 7

deconvolution technique always performs better, but for more mmol of each acid chloride ArCOCI was individually reacted
than one active compound the double scan method canwith a mixture containing 1 mmol each of the seven amines
sometimes result in a better efficiency. In addition, the double A—G to afford seven products (vide infra, the rows in Tables
scan method strategy can be useful at slighter higher ratesl4 and 15) designatet(A—G), 2(A—G), ... 7(A—G).46.58
than the simple deconvolution technique. Consequently, theSecond, 7 mmol of each amine was individually reacted with
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Table 15. Herbicide Screening Results

Mixture (I-DA | Q- 1-7C | a-Hb | A-DE | A-HF | A-DHG
Activity’| 5 0 25 0 2 47

1(A-G) 0

24

3(A-G)

4A-G) 23

5(A-G) 0

6(A-G) 0

7(A-G) 0

* average % control of Echinoéhloa crus-galli, Digitaria sanguinalis, Setaria viridis and
Lolium multiflorum preemergence at 4800 g ha™’.
K Table 15

Active Single Compound
| Most Active Mixture

Table 16. Insecticide Screening againspilanchavarivestisat 300 ppm

Mixture I-DA | @-B | A7HE | (A-7) E (1-1G
Activity'| - - LA -
1(A-G)
2(A-G)
3(A-G)
A6 |+
5(A-G)
6(A-G)
7(A-G) - [
.+ =active, - = inactive, 7 = not tested.
Key to Table 16
Predicted Active Single Compound
Active Mixture

a mixture containing 1 mmol each of the seven acid chlorides Table 17. Preemergence Herbicidal Activity of Pronamide
1-7 to afford seven products (vide infra, the columns in 2B on Grass Weeds

Tables 15 and 16) designaté-7)A, (1-7)B, ... (1-7)G. dosé AME BYGH CREB® FOX RYE®Y
Each compound is produced twice, eaB occurs in the 600 73 100 100 90 0
mixtures2(A—G) and (1—-7)B. GC and GC-MS were used 300 15 10 50 0 0

to_ confirm tht_e presence of the expected products _in each 2Data are expressed as % contdExpressed in g ha.
mixture of amides, but no attempt was made to quantify eachc average % control of BYG, CRB, FOX, and RYE Echinochloa
component. Analysis was rendered more difficult by the crus-galli. ©Digitaria sanguinalis. f Setaria viridis. ¢ Lolium
inclusion of acid chloride$ and 7 which have the same  multiflorum
molecular weight, and by the inclusion of ami@ewhich is further synthesis. In mixture(A—G) and (1-7)B the
a mixture of stereoisomers. effective rate of pronamide: 685 g/ha when mixtures are
IV.2. Screening ResultsThe 14 mixtures were screened tested at 4800 g h&(Table 15). The percent control scoring
in first tier whole organism herbicide and insecticide screens used in this assay allows the single most active row and
normally used for single pure compounds. The amount of column to be identified, and the expected result was
each mixture weighed for the assays was the same as thebtained-mixtures 2(A—G) and (1-7)B were the most
weight normally used for a single compound. Thus, on active (Table 15). This result indicates that this whole
average, each compound will constitute about one-seventhorganism assay can successfully be used to test mixtures of
of the mixture sample, and its effective application rate in at least seven compounds, provided that missing compounds
the assay will be one-seventh of the normal application rate. only active at>600 g ha' is acceptable. It should be noted
In the herbicide screen, the results were scored as percenthat when the same mixtures were retested at 120074 ha
control while in the insecticide assay they were scored in a corresponding to an effective rate of 170 g héor each
binary fashion as active or inactive. compound in the mixture, no measurable weed control was
When pronamide is tested as a pure single compound inrecorded. Furthermore, if this screen had been run in a binary
the greenhouse, it requires 600 g ha® preemergence to  fashion where the cutoff between active and inactive cor-
show good activity against grasses (Table 17). A novel responded to 40% control or 20% control, the results would
compound with this level of activity in conjunction with other not have unequivocally indicated pronamide as the most
desirable properties might be considered a viable lead foractive compound.
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In an insecticide screen againEipilancha varivestis Table 18. Library Production Efficiency Comparison for
(Mexican bean beetle) which was scored in a binary fashion Herbicide Discovery

as active/inactive, one row and four columns were active oneata Simple mixture deconvolution
(Table 16). Three of the four compounds at the intersections time row column double
were synthesized and tested at 300 ppm Epilancha synthesis  mixtures mixtures scan
varivestis 4C was active whiledE and 4F were inactive. reactions 49 14 14 15
Thus the activity of columng1—-7)E and (1-7)F may required

represent false positives. Unfortunately, the active compound efficiency* 1 3.5 3.5 3.27

4C was inactive on other insect species tested at lower rates 2 Efficiency = 49/reactions run to complete mixture strategy.
in a follow up screen. Reports in the literature have indicated Table 19. Lib Production Effici c ) ¢
that, as observed here in this insecticide screen, hits identified, 22 2. Hlorary Froduction Eficiency L-omparison for

. Insecticide Discovery
by the indexed strategy have also been of lower potency than

expected, presumably because of the additive effects of oneata Simple mixture deconvolution
several weak compoun@Therefore, although the whole time row column  double
organism assay can be used to test mixtures of at least seven synthesis _ mixtures mixtures  scan
compounds, it could be more efficient to reduce the number re?ggﬁﬂsed 49 14 35 18

of compound in the mixtureN = 4 or 5) to reduce potential
additive effects.

I\VV.3. Pronamide Library Results and Discussion.The
compound mixtures synthesized in this example library are
by necessity composed of groups of similar compounds since
one reagentthe acid chloride or the amirgs constant in
any given mixture. As discussed in section 1.2, this should

reduce the number of mixtures requiring deconvolution but _ =" ) :
. - . activity gives a very different picture (Table 19). If only the
increase the likelihood that several weakly active compounds, . . .

row mixtures were synthesized and deconvoluted in the

rather than one potent compound, are responsible for the ; : . S
L . simple way, then simple mixture deconvolution again gives
activity of the mixture.

It is instructive to compare the efficiency of both the both a library production efficiency and a screening ef-

simple mixture deconvolution approach and the double scanﬁc'enCy .Of 3.5. However, .'f only the column mixtures were
method to the 49-compound amide library in terms of library synthesmgd, then four mixtures must be defconvo.ILJ.ted a nd
production and screening separately and as an overaIIthe res“'“?‘g library product_lon _and screening efficiencies
process. If we consider that the library contains a single drop drastically to 1.4, albe|t_ stl remaining abovg .1' The
herbicidally active compound, pronami@s, then the hit double scan strategy results N an intermediate e_ff|C|e_ncy of
rate is 1/49= 0.0204. Applying eq 23 gives the library 2.72. The 9ﬁ|0|ency of the mixture approaqh using S|m.ple
production efficiency of simple mixture deconvolution as deconvolution or the dou_b!e scan methoq is compromised
measured by the number of reactions required: by the apparent false positive results optamed \dth7)E
and (1—7)F. For the purposes of applying egs 1, 15, and
library production efficiency= 24, the hit rate can be considered to be 4#0.0816 which
1 _ 1 _35 gives the results already shown in Table 19. Note that eq 25
1 " 1 . ' is not applicable since the four apparent hits are confined to
N (N'HR) 7 +(770.0204) one row mixture in the library. Assigning the true hit rate is
complicated by the lack of data on compou#D (Table
Similarly eq 1 give; the screening efficiency of simple 16),Fr)naking it znclear whether there was gne4t®t((HR=
mixture deconvolution as measured by the number of 4 5504) or two hitglC and4D (HR = 0.0408) in the library.
biological tests required: Examination of historical data for this assay gives a §R
screening efficiency= 0.05 for single random compounds purchased for lead
1 1 discovery and screened at the full rate. Undoubtedly the hit
- =35 rate for random compounds screened at one-seventh of this
rate would be substantially lower. In any event, the actual
maximum efficiency experienced can be significantly com-
Applying eq 24 for the upper limit of library production  promised by the presence of apparent false positives (col-

efficiency? 1 3.5 1.4 2.72
a Efficiency = 49/reactions run to complete mixture strategy.

also 3.27. As stated before (section I.5) when only one active
compound is present in the library, simple mixture decon-
volution outperforms the double scan technique (Table 18).

Examining the results obtained in screening for insecticidal

% + (N*HR) % + (7*0.0204)

efficiency of the double scan technique: umns E and F). One strategy to reduce the impact of false
library production efficiency= positives vyould_ be tp retest all active m|x_tures prior tq
1 1 deconvolution either in the same screen or in a second tier
= =3.27 screen. Permitting mixtures to progress into expensive higher
2 2 i : .
N THR £ +0.0204 tier screens may be considered undesirable.

The overall library production efficiency of the library for
In this case with a single active compound, eq 25 for the both herbicide and insecticide discovery together are con-
lower limit library production efficiency reduces to the same sidered in Table 20. From this perspective, the double scan
value. The value for screening efficiency in this example is technique outperforms the simple mixture deconvolution
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Table 20. Overall Library Production Efficiency for Both
Herbicide and Insecticide Discovery

simple mixture deconvolutién

one ata row column double
time mixtures mixtures scan
reactions 49 21 42 19
required
efficiencyp 1 2.33 1.17 2.58

Teixido et al.

practice, a screening efficiency of at least 2 would be
desirable to justify the use of mixtures which requires that
each mixture contain at least 3 compounis<( 3) and that

no more than about five percent of the compounds in the
library be active (HR=< 0.05). The maximum screening
efficiency is obtained when there are no active compounds
in the library (HR= 0) and is equal to the number of
compounds in each mixtur&l). With very low hit rates (HR

@ Reactions required to complete strategy for herbicide and bean < 0.01) the screening efficiency- N, and the best results

beetle insecticide screersEfficiency = 49/reactions run to
complete mixture strategy.

Table 21. Overall Screening Efficiency for Both Herbicide
and Insecticide Discovery

simple mixture deconvolution

one ata row column double
time mixtures mixtures scan
screens 98 28 49 33
required
efficiency? 1 3.5 2.0 2.97

are obtained with the largest value Mfthat the assay can
tolerate and still allow application of the desired quantity of
each compound in the mixture. When formatting a library
into mixtures for screening when the hit rate is expected to
be in the 0.01 to 0.15 range, a greater tolerance for high
values of HR while still maintaining improved screening
efficiency is realized when the number of mixturd8) (is
greater than the number of compounds in each mixture (i.e.,
M = N).

Application of a two-step deconvolution procedure is

2 Screens required to complete strategy for herbicide and beanalways more efficient than simple one-step deconvolution,

beetle insecticide screerfEfficiency = 98/screens run to complete

mixture strategy.

strategy even if the row mixtures were fortuitously selected (n <

except wherN = 4. In two-step deconvolution the active
N-compound mixtures are divided intecompound mixtures
N) and reassayed. Finally the individual compounds

for synthesis. This is because there are now two rows that/Tom the activen-compound mixtures are assayed one at a

must be deconvoluted(A—G) and 4(A—G). The overall

time. The maximum screening efficiency is achieved when

screening efficiency for both assays is presented in Table" iS the square root dN.

21. It remains high if simple deconvolution is combined with ~ When mixtures of compounds are synthesized in a single
fortuitous choice of the row mixtures but is very poor if the reaction, fewer weighings are required than to synthesize the
column mixtures are selected. The double scan techniquesame number of compounds individually. The reduction in
gives an intermediate result and is the conservative choice.the number of weighings and the resulting gain in reaction
Generally libraries of compounds are prepared for use in setup efficiency is most evident with multicomponent reac-
multiple screens, whether run in parallel as is often the casetions and cases where equal numbers of each reagent are
for traditional agrochemical screening or serially as is more ysed.

typical in pharmaceutical HTS screening, and thus any The double scan approach, also known as the indexed
discussion of the viability of using mixtures must recognize nnrqach, is less efficient than simple, one-step deconvolution
the impact of performing multiple rounds of deconvolution e, the hit rate is low. At higher hit rates the double scan
for each assay. approach can be more efficient than simple deconvolution.

~ Application of eq 1 to this library shows that even with 15 5ctyal efficiency varies depending on the arrangement of
five active compounds in the library, corresponding to HR e compounds in the library.

= 0.10, the synthetic efficiency is 1.1%¥ 1. However, the . . . .

. - S . o This analysis has focused on the synthesis of a library for
practical utility of efficiencies slightly above 1 is minimal inal As d trated in th ide-based
because of the additional tracking burden associated with @ SINgi€ screen. As demonstrated in the pronamide-base
deconvoluting mixtures. example library, when a library is made for assaying in

multiple screens the resulting overall efficiency will be lower
than that for a single assay because of the need for separate
rounds of deconvolution for each assay.

Conclusions

We have analyzed the factors that affect the increase in

throughput (screening efficiency and library production )
efficiency) experienced when libraries of compounds are _Acknowledgment. The authors are indebted to Drs. Ted

screened or synthesized as mixtures and the mixtures arel- Fujimoto and Charles H. Reynolds for helpful discussions
deconvoluted to single compounds in one or two steps. In @nd suggestions.
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