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1. Introduction

Understanding organic synthesis is a lifetime endeavor.
Teaching it in one semester is an exercise in discussing a
subject that is expanding rapidly." Providing an overall
strategy and demonstrating its application with illustrative
examples enables the construction of an essential frame of
reference. Comparing and contrasting existing information
allows assimilation of new data. As learning proceeds, this
framework becomes broader and deeper.

One of the more challenging aspects of this developmental
process is planning an original synthesis. The problem is
exacerbated by the multitude of potential pathways, which
can easily overwhelm an individual during the middle to late
planning stages. Synthetic plans are often rendered imprac-
tical because the planner has evolved a lengthy approach,
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which may include speculative or impossible chemistry in a
subconscious effort to effect closure of the synthesis. Guide-
lines, which correlate the operational length of a synthesis
with the structural intricacy of the target and starting
materials, can provide focus for the synthetic planner.
Such discipline fosters aggressive new chemistry and can
engender graceful and efficient access to the target.

The dawn of the third Millennium is an appropriate juncture
to propose several simple analytical tools for assessment of
both projected and completed syntheses.” The information
revolution empowers access to ever-greater quantities of
chemical data, but the essential step is still the act of iso-
lating crucial facts without being inundated or misled.
Synthetic organic chemists are often accused of sharing a
common heritage with used car salespersons. Both groups of
individuals extol the virtues of their product but ignore or
actively obfuscate areas of information that cast less
favorable light on their wares. In the case of synthesis, the
task of analyzing the quality of the outcome is strongly
effected by the perspective of the observer. For example,
an academic practitioner concerned with achieving the first
total synthesis of a topographically complex and bio-
logically important target has vastly differing goals from
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the organic chemist/chemical engineer working in a
pharmaceutical process development group where success
is measured in terms of kilograms (or tons) of high-purity
material delivered within defined cost and time constraints.

As Service discussed in Science,” this philosophical schism
can be detrimental to advancing the boundaries of synthetic
organic chemistry. Nevertheless, individuals at both
extremes intersect at the crucial point of having to construct
an explicitly defined target. The first synthesis of any impor-
tant target, whether performed in academia or industry, is
likely to suffer by contrast to later syntheses which are
usually substantially improved by applying the lessons of
the pioneers who achieved the initial preparation.

The pivotal synthetic operations which increase molecular
complexity include (hetero) arene alkylations, formation of
chiral centers, rings, and multiple bonds.* Focusing on these
factors was held to emphasize the essence of organic syn-
thesis, namely the creation of a target molecule in a highly
efficient manner.” Because of the biological importance of
enantiopure compounds, analysis shall be restricted to only
those syntheses that deliver a single enantiomer. Requiring
an enantiodefined synthesis combined with high efficiency
significantly increases the complexity of the problem and
requires creative solutions.

All syntheses that target a single enantiomer ultimately can
be related to one or more substances obtained from the
chiral pool (Fig. 1). One of the most important considera-
tions in planning a total synthesis is to decide how to intro-
duce absolute stereochemistry. While one can categorically
assert that ‘all things being equal’, syntheses that generate
their asymmetry via a chiral catalyst are most desirable
because one molecule of catalyst will be responsible for
the creation of a multitude of new chiral progeny. Unfortu-

nately, in many cases, issues such as catalyst cost (length of
catalyst synthesis, patent royalty, etc.) may detract from the
inherent attractiveness of this option. If constrained to use
one of the stoichiometric chiral strategies, it is often difficult
to identify which of the three options to adopt. The problem
is further compounded by syntheses that require establish-
ment of a number of independent chiral centers as this
increases the number of times one must access the chiral
pool. Specific chiral strategies involved in all syntheses used
for defining the analytical method are given in Table 1.

2. An intricacy based technique for synthetic analysis

Corey’s insightful treatment of synthetic planning® fostered
deliberation on the entire process of how a chemist
conceives and evolves a synthetic plan. Important contri-
butions by Bertz,” Hendrickson,® Jorgensen’ and Long'®
further expanded the domain of synthetic analysis,
especially those aspects that featured the human—computer
interface.

A recent paper by Whitlock describes a complexity-based
synthetic analysis'' that employs many of the same struc-
tural features with a protocol that we evolved over several
years. The Whitlock method weights structural features in
the following manner: rings=4; unsaturations=2; hetero-
atoms=1; chiral centers=2. Whitlock affirms that these
weighting factors are somewhat arbitrary, but they satis-
factorily describe the examples he analyzed.

Our own experience in attempting to develop tools for
synthetic analysis initially involved investigation of the
compositional and structural features present in a set of
total syntheses. In practice, this generated an unwieldy
equation with far too many variables, but it was clear that
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wide-ranging weighting factors seemed to give reasonable
descriptions of a small collection of syntheses. Ultimately
we elected to adopt an analysis system that postulates
1:1:1:1 weighting factors for olefinic stereogenic centers,
chiral centers, rings, and heteroatoms because of their
chemical interconvertability.

The essence of organic synthesis is creation and
stereospecific functionalization of -systems. Con-
comitant installation of functionality suitable for
reiteration of the process engenders highly efficient
syntheses.

3. The intricacy quotient

In the context of total synthesis of optically active target
molecules, the intricacy quotient (1Q) is defined to be
average number of intricacy factors created per operation.
This value is comprised of chiral centers+unsaturations
(including rings)+ (hetero) aryl substitution+ heteroatoms
generated per synthetic operation during the transformation
of a set of starting materials to the final target. 1Q is set
mathematically equal to the degree of intricacy (°I) of the
target (°f)) minus the degree of intricacy of the sum of the
starting materials (3 °I,), all divided by the total number of
operations (O) in the entire synthesis (Eq. (1)). °I; and °I,
are, in turn, both defined as equal to C*+Q+AR+X, where
C" is the number of chiral centers, U the number of prochiral
unsaturations plus rings, AR the number of aryl or hetero-
aryl C—C or C-X bonds, and X is the number of hetero-
atoms (Eq. (2)). In the context of this analysis, all non-C—C
and C—H bonds are considered heteroatoms.

10 = (I, = ¥°I,)/0 ey

I=C"+U+AR+X )

In devising a synthesis it is useful to calculate A°I for each
operation (i.e. the IQ for a single operation). Processes with
positive A°[ indicate progress toward the ultimate goal,
while reactions with zero or negative values signal areas
to be considered for possible revision. Strictly accounting
for every chiral center, prochiral unsaturation, ring, arene
C-X bond, and heteroatom in all starting materials by
subtracting > °I;, from °I; enables sharp focus upon those
intricacy factors which have specifically been created
during each operation as well as cumulatively at the end
of the synthesis. This method of intricacy factor book-
keeping discounts the intricacy value of the starting
materials. This is not to say that recognition and efficient
inclusion of such molecular arrays is unimportant,® but the
reward for such judicious choices is reflected in the EQ
calculation which deals with average yield per operation
(see Eq. (13)).

While counting chiral centers and unsaturations due to rings
is straightforward, assignment of the unsaturation value of
double bonds requires consideration of the symmetry
properties of the olefin. This accounting method assigns a
U value of 2 for unsaturations bearing a pair of prochiral
atoms. For example, the cuprate conjugate—addition step
shown in Eq. (3) transforms enone 1 to ketone 2. The

increase in intricacy (A°l) for this conversion is equal to
zero; that is, the two prochiral carbons of the trisubstituted
olefin are smoothly converted to two chiral centers, but no
net complexity has been introduced. The second operation
involves concomitant ketone reduction and hydroboration
of the disubstituted olefin. This transformation converts the
remaining two prochiral centers to a pair of chiral centers.
However, the hydroboration also introduces an alcohol
heteroatom, which ultimately could be further func-
tionalized to a ring, chiral center, or oxidized to introduce
another unsaturation. Thus, it is reasonable that the second
step has A°7 = +1 to reflect the increase in intricacy in
going from 2 to 3 (Eq. (3)).

0 OH
1a. Me,Culi 2a. BoHg
1b. Hy0 2b. Hy0,, NaOH
————

I=C*+U+AR+X
I=1+5+0+1

3

HO
I=C*+U+AR+X
IT=5+1+0+2

I=C*+U+AR+X
I=3+3+0+1

U=4u + 1ring U=2u+1ring U= 1ring

3)

Acid-catalyzed lactonization is compared with halolacto-
nization in Eq. (4). The former process consumes the bis-
stereogenic olefin of acid 4 and creates one new stereo-
center and one new ring in lactone 5. This isomerization
has a A°l = 0. The halolactonization reaction is a net
oxidation, and incorporates an iodine heteroatom as well
as creating a new ring and two new stereocenters
(A°I = 2) in iodide 6. If run in the presence of an appro-
priate base, this process would further transform iodide 6
to olefin 7 having an °[ value equal to that of 6. The
oxidative process has, in one operation, effected the
desired cyclization as well as providing new olefin func-
tionality appropriate for subsequent functionalization. The
value-added nature of this transformation is apparent from
the increase in intricacy (A°l = 2).

HJQ\/Q‘ ° <—'@ E(J\uf o lbee
5 4

I=C*+U+ AR+ X
IT=2+3+0+2

I=C*+U+AR+X
I=1+4+0+2

Lo base u Lo
| g — /]

]
7

I=C*+U+AR+X
I=3+3+0+3

“4)

°I=C*+U+AR+X
I=2+5+0+2

The intramolecular aldol reaction shown in Eq. (5) converts
8, which bears two carbonyl groups, each composed of one
stereogenic center and one heteroatom (°/=4) to the cyclic
B-hydroxyketone 9 having one chiral center, one new ring,
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one stereogenic center, and two heteroatoms (°/=5). Further
dehydration of 9 gives cyclic enone 10 which bears three
stereogenic centers, the ring, and the carbonyl heteroatom.
Thus, the dehydration is a value-neutral transformation
(A°I = 0), since the olefin bears a latent pair of stereogenic
centers. It is noted that intermediate 9 is a mixture of dia-
stereomers, but this is irrelevant to the transformation at

hand.
0o c|> o OH
u u
== e
8 9

°I=C*+U+AR+ X
°I=1+2+0+2

°[=C*+U+AR+X
l=0+2+0+2

;

10
°I=C*+U+AR+X
I=0+4+0+1

&)

A contrasting example is shown in Eq. (6). In this instance,
the protected keto-aldehyde 11 undergoes a Mannich reac-
tion to generate [3-aminoketone 12 which is more intricate
(A°I = 2) by virtue of the creation of a new stereocenter and
the introduction of the nitrogen heteroatom. Elimination to
enone 13 decreases A°I of the product since the newly
formed 1,1-disubstituted olefin bears only a single prochiral
center (u = 1), while both a chiral center and a heteroatom
have been lost.

Me,N (o} OMe
(o] OMSMe 2 e
e el
=
1 12
°[=C*+U+AR+X °[=C*+U+AR+X
l=0+1+0+3 I=1+1+0+4
o OMe
13

°I=C*+U+AR+X
I=0+2+0+3

6)

Triple bonds, both terminal and internal, are counted as
U = 3, that is, one unit of unsaturation in addition to two
potentially stereogenic carbons. The Negishi cascade cycli-
zation'? of vinyl iodide 14 to pentaenyl lactone 15 provides
a striking example, which illustrates the generation of

olefins and rings from the embedded alkynes (Eq. (7)).

OH
&= S
M Z 7 “Bun CO, Pd cat.
e020 / -
= 7
MeO,C !
14

I=C*+U+AR+X
I=0+16+0+ 6

acetylene U=3 (2u+ 1)

(o) (0]
7 Bu-n
MeOZC
e
15

I=C*+U+AR+X
I=0+18+0+6

10y from C=C; 3u from C=0; 5U from rings

)

Eq. (8) demonstrates calculation of arenes. This example
features a phenylboronic acid mediated annulation reaction
from Snieckus’ synthesis of B-lapachone."® The first point
concerns the high U value for the naphthalene starting
material 16. It might initially appear that this reaction,
which does not perturb the naphthalene core, overvalues
the arene sp” centers by counting them all as prochiral
centers. The intricacy value is not intended to characterize
the fundamental complexity of a target molecule. This is
clearly seen in the case of 18, which is a much simpler
molecule than an acyclic hydrocarbon containing 22 stereo-
centers, although both have °I =22. The increase in
intricacy concept relies upon chemical interconvertability
of the individual structural features and requires subtraction
of the intricacy of the starting materials in order to provide a
meaningful assessment of a given transformation. Thus, if
arene T-unsaturations are not converted to sigma centers they
are irrelevant, since their intricacy is equally weighted in
both starting material and product of a given transformation.

OMe OMe
- _u W H
17 OO Hj/cat.
-  I=C*+U+AR+X = |
OH o= o
I=0+2+0+1 18

16

(17 not counted; commercial)

I=C*+U+AR+X
A°l = +4 = Al = -2

I=C*+U+AR+X
I=0+12+4 +2

OMe

I=C*+U+AR+X
=0 +13+5 +2 ¢))

The second point deals with how to count increases in arene
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(or heteroarene) substitution. This is referred to as the AR
value and is defined as the number of arene regiocenters
which bear (or have been converted to) C-C or C-X
bonds. In Eq. (8), the starting arene 16 bears two C-O
bonds (arrows) and two internally fused C—C bonds (bold,
Eq. (8)), while the product 18 has one additional external
C—C bond; therefore their AR values are 4 and 5, respec-
tively. Inclusion or omission of the two bolded bonds is
irrelevant in this instance, as they occur in both the starting
material 16 and the target 18. In cases where new arene
rings are created from the existing C—C or C-X bonds,
the rationale for inclusion of the resultant bonds in the
product becomes apparent.

Conversion of 16 to 18 has A° = 4, which over-rewards
this single operation. It is further noted that while all chiral
centers and arene features (C*+AR) need to be included as
contributing starting materials, over-zealous accounting for
all heteroatoms and unsaturations in commercially available
reagents like ethyl acetate, oxidizing agents, and simple
fragments is not necessary. Compounds like methyl vinyl
ketone and vinyl aldehyde 17 are not included unless they
are excessively expensive or are prepared rather than
purchased. Conversely, if the °I value of 17 were included,
the A°I would equal +1, which would appear low for this
efficient annulation reaction. While a transformation having
a zero or negative value can pave the way to the final
product, the A°I for the entire synthesis is the ultimate
measure of the degree of success, since it avoids the
above ‘local extrema’ problem.

The final synthetic transformation in Eq. (8) involves hydro-
genation of a bis-prochiral olefin in 18 to dihydro derivative
19. The unsaturation has been consumed without concomi-
tant structural elaboration, and the negative intricacy value
indicates this reality. This does not necessarily reflect poorly
on the design of the synthesis, but highlights the fact that the
olefinic substructure was incorporated without being further
exploited. This indicates that the synthesis might be
achieved with a less intricate substrate, or more impor-
tantly, the strategy developed has the potential to deliver
even more intricate congeners.

4. Definition of starting materials

Intricacy factors of the following species must be counted as
‘starting materials’:

e °] values for all enantiopure materials bearing chiral
centers that are incorporated into the target. Note this
excludes commercially available enantiopure auxiliaries
and reagents.

e °] values for all non-trivial materials bearing unsatura-
tions (rings, multiple bonds, arenes, or heteroarenes).

e °] values for all materials that require synthesis or are
excessively costly.

o The highest ° primary starting material, even if commer-
cially available.

As with the case of vinyl aldehyde 17, there is some temp-
tation to second-guess the above ‘rules’; however, inspection
of the equations in conjunction with the additional examples

from Table 1 (supplemental material) further elucidates which
compounds are starting materials, and which to exclude.

Another consideration with respect to commercially avail-
able starting materials is recognition of their genesis. Super-
ficial application of the rules suggests that the Pearson
synthesis of Amabiline’ 23 from enantiopure lactone 20
and commercial aryl bromide 21 results in an IQ of 0.17
(Table 1). However, comparison of the (longer) synthesis
that includes preparation of 21'* from the less intricate arene
22 provides an outstanding 1Q of 0.86 (Eq. (9)). This retro-
spective analysis simply illustrates that an extraordinary
synthetic design should not be negatively portrayed if
further consideration reveals its true value. Similarly, the
importance of carefully chosen (simple and symmetric)
starting materials cannot be understated with respect to
planning new syntheses.

°Ip=C*+U+AR+X
°Ip=2+3+0 +4

o]

89
X LP
20

°lyy=C*+U+AR + X
0122=0+8+3 +3

u
ol u_X
+ —--<—-----forX=H B ——
o}

1.NBS (22 (X=Br)
(85-90%) \ ,, (X =H)

°Iy=C*+U+AR+ X
Ly=0+5+2 +2 )
HO OH

°[=C*+U+AR+ X
23 °I=4+ 11 +4 +5

1Q = (24-23)/6 = 0.17 from 21
1Q =(24-18)/7 = 0.86 from 22

5. Rationale for counting prochiral mr-centers in arenes

While the plane of symmetry in methyenedioxybenzene
21 (Eq. (9)) resulted in a decreased number of prochiral
centers (u = 3) relative to bromoarene 22 (u = 6), further
support for assigning full integral weight to each of the
prochiral m-unsaturations of arenes is provided by the
Hudlicky enantiospecific oxidation of bromobenzene 25
to diol 26.'° This spectacular enzymatic reaction converts
two of the four prochiral arene centers of 25 to the diol
functionality with simultaneous introduction of the two
oxygen heteroatoms (Eq. (10)). The power of this trans-
formation becomes especially apparent when one recog-
nizes that the precursor of 25 is benzene 24 itself. Thus,
A°I = +8 for the two-operation synthesis of 26 if one
includes the intricacy of benzene. Conversion of 25 to
26 is the kind of standard-setting transformation that
prompts the organic chemist to re-evaluate alternative
plans for the synthesis of highly functionalized
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enantiopure six-membered rings.

25

I=C*+U+ AR+ X
I=0+2+0+0

°l=C*+U+ AR+ X
I=0+5+1+1

(10)
Br OH

OH

26

I=C*+U+AR+X
I=2+5+0+ 3

6. The advantage of multiple reactions

Eq. (11) shows a portion of a recent synthesis of glabrescol
by Xiong and Corey.'® At the heart of the strategy, tetraene
27 is epoxidized using oxone with a catalytic amount of the
enantiopure Shi ketone 28. This example converts four
doubly prochiral olefins to four chiral epoxides, each
having a ring, two stereocenters, and an oxygen hetero-
atom. Thus, A°l = +8 for synthesis of tetraecpoxide 29,
an outstanding increase for a single operation. While the

27

°I=C*+U+AR+X
I=2+8+0+ 4

I=C*+U+AR +X
I=10+4 +0 + 8

Y

OH OH
30

I=C*+U+AR +X
I=10+4+0+ 8

beautiful cascade cyclization of 29 to the tetrakis tetra-
hydrofuran 30 is a noteworthy reaction, it can be seen
that all the necessary structural information was introduced
in the previous step, thus only resulting in A°/ = 0 for the
final isomerization.

Another striking example demonstrating the power of multi-
ple reactions was provided by the groups of Charette and
Barrett by their independent and essentially identical synth-
eses of the polycyclopropane U-106305 (Eq. (12)).” This
synthesis featured reagent-based enantiospecific cyclopro-
panation of ene—diol 31 to cyclopropyl diol 32 followed by
bi-directional oxidation/olefination/reduction to 33. Repeat-
ing the process gave 36 which was monofunctionalized and
further converted to target 37 with the highest IQ (1.83) we
have observed thus far.

commercial,
but pri
ut primary sm HO
HO—\=\— 1o0p HO_\V\—Sop = 10p
OH OH =
31 32 33 OH
lsm =3
(u =1, symmetry)
HO HO
30p - 1op
—— ——
34 OH
35 OH
HO =
—_—
36 OH 37 ==

NH
o \—<
I=C*+ U + AR + X
I=12+ 11 +0+ 2
1Q = (25-3)/12
=1.83
(12)

7. The efficiency quotient

We adopt average yield per operation, defined as the sum of
all yields (including preparation of starting materials)
divided by the total number of operations (Eq. (13)). This
is referred to as the efficiency quotient (EQ). This number
provides an excellent measure of the tactical proficiency of a
completed synthesis. This number has been recently used by
a number of research groups and is gaining momentum.'”
The EQ value demonstrates the potential of a synthesis for
material throughput, and when applied to a collection of
syntheses, (see Table 1) enables comparison between synth-
eses. For intricacy analysis, an operation is defined as a
sequence of steps terminating in purification (distillation,
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crystallization, or chromatography). Schemes are numbered
to designate individual operations and are further sub-
divided by letter suffixes to indicate addition of reagents,
co-reactants, or workup (without purification).

EQ = 3Y/O (13)

Counting operations rather than steps is intended to approxi-
mate the industrial ethic, where unnecessary purification
and handling of intermediates is routinely avoided (see
Hoechst synthesis: Table 1).* The experimental section of
Overman’s synthesis of Isocrambescidin 800 (Table 1)
provides an excellent example of a hybrid reporting format
where intermediates are characterized in the traditional step-
wise academic fashion, parallel to an operational sequence
which minimized loss of time and material >

8. Convergency

The order of operations is intimately involved with the
ability of a synthesis to accommodate material throughput.

[ Linear Sequence: ]

Y % Y %

Consideration of three synthetic sequences, each of which
uses 22 operations to accomplish the objective, can drama-
tically illustrate this point. The mathematical consequences
of the fully linear sequence are particularly devastating as
the overall yield is calculated to be less than one percent,
based upon an 80% average yield (the current standard of
reference, Table 1). As is well known to the synthetic
community, employing more highly convergent plans of
attack can ameliorate this bottleneck (Fig. 2).'8

While there is currently no uniform editorial standard for the
presentation of information associated with a total synthesis,
it is relatively common for authors to provide an overall
yield for the ‘longest linear sequence’. This information
gives an indication of the limiting yield for the material
supply line. However, by not including yield information
for the shorter supporting legs of the synthesis, it is difficult
or impossible to obtain a complete overview of what has
been accomplished. It is strongly asserted that compre-
hensive synthetic analysis must include all operations
undertaken in a multiply—convergent synthesis including
the construction of all starting materials, be they ‘readily-
available’ or not!

Y %

;{?ﬁ » Target (22 operations)

If the EQ is 90 %: 0.9%2 = 9.8 % overall
If the EQ is 80 %: 0.8%2 = 0.7 % overall

23 » Target (22 operations)

. Target (22 operations)

[ Doubly Convergent Sequence: ]
Y %
1 > 11
\ Y % Y %
Y% / » 23
12 > 22
If the EQ is 90 %: 0.9'? = 28 % overall
If the EQ is 80 %: 0.8'2 = 7 % overall
[ Triply Convergent Sequence: ]
Y %
1 -3 8
Y % Y %
9 16
Y %
17 > 24

If the EQ is 90 %: 0.98 = 43 % overall
If the EQ is 80 %: 0.8% = 17 % overall

Figure 2.
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9. The overhead problem

An important question is how to treat molecular fragments,
such as chiral auxiliaries and protecting groups, which
contain intricacy factors peripheral to the final target.
This subject relates to the issue of atom economy. Trost
convincingly argues that an ideal synthetic process is one
that catalytically transforms substrate(s) into product with-
out the generation or consumption of organic or inorganic
byproducts.”” This is an especially important goal in
industry where environmental considerations strongly influ-
ence the disposal costs of reaction residues. While the
scenario of all organic reactions conducted in water with
chemical or biological catalytic orchestration represents a
utopian future limit, the desire to minimize generation of
molecular detritus is an issue whose import is proportional
to reaction scale.”” In order to increase cognizance of this
important topic, the term ‘overhead’ is introduced to indi-
cate intricacy factors necessary to effect a synthesis. To
maintain consistency with the general philosophy, the over-
head present in starting materials, chiral auxiliaries, chiral
reagents, and protecting and activating groups can be desig-
nated by appending a trailing superscript to the °/ value (see
Egs. (14)—(17)). The overhead number indicates departure
from an ideal synthesis, but it is currently impossible to
quantitatively apportion liability without a substantially
larger database, including material costs, time, and
recycling efficiency. Consequently, for this paper, the over-
head number will be ignored, and only those intricacy
factors that appear in the final target will be used in intricacy
calculations.

Although a considerable number of bonds, stereocenters,
and rings may be created in a single transformation, it is
important to reemphasize that all the fundamental structural
information necessary for elaboration of a target resides in
the planar stereochemistry of its precursor r-system.
Several transformations, with overhead included, are
shown in Egs. (14)—(17). The first example is an auxiliary
controlled Evans’ aldol condensation used by Smith in his
highly efficient discodermolide synthesis (Eq. (14)).>> The
basis of this A°/ = 1 conversion is the consumption of an
aldehyde carbonyl (°I = 2) with concomitant generation of
two stereocenters plus the attendant alcohol heteroatom (40,
°l=3).

The Diels—Alder cycloaddition is routinely revered as one of
the most outstanding and powerful reactions discovered.
Eq. (15) shows a beautiful intramolecular Diels—Alder
reaction by the Evans group.** This reaction employs an
enantiopure Lewis acid catalyst to generate two rings, four
stereocenters, and the new olefin 42, all as a single
enantiomer. The net increase in intricacy for this process
is A°I =2 since three bis-stereogenic olefins were
consumed in the process.

The third example, provided by Corey,* exploits the
cation—olefin cyclization to deliver tricyclic 44 bearing
three new rings, six stereocenters, and a pendant alcohol
(Eq. (16)). This outstanding transformation also has a net
intricacy increase of A°I = 2 after subtracting the three bis-
stereogenic olefins and the mono-stereogenic epoxide ring,
which were consumed.

Denmark provides a fourth study which features a highly
efficient hetero Diels—Alder reaction of vinyl ether 46 bear-
ing a chiral auxiliary with vinyl nitro compound 45 attached
to a silyl dienyl ether via a silicon tether.® After the initial
cyclization the incipient aci-nitro intermediate suffers an
intramolecular 3+2 cycloaddition to deliver 47, bearing
all requisite stereocenters and heteroatoms for a superbly
conceived synthesis of castanospermine (Eq. (17)).

Eq. (18) dramatically makes the point that intricacy factors
not directly involved in the chemical transformation must
only be counted as overhead (or ignored). Glucose anomer
48 has °I=12, while pentaacetate 49 would have an apparent
°I=22 if the five acyl units were included as contributing
factors. Clearly, this is inappropriate, since the acyl groups
are simply acting as protecting groups and are not retained
in the final product. Therefore, Eq. (18) is seen to have
A°T=+0"° which indicates that the overhead has increased,
but the intricacy value of the substrate has not fundamen-
tally changed.

ofi = (C*+u+ 2X)4g+ 1ring + 2Ar + 1X

°'i=47 a|i= (1g+2X)20*+5g+2ring+1Ar+2X

MeQO u

protecting starting O o
group material T
overhead intriacy starting  auxilary
material overhead
intriacy
Ph 19
m, X °1=8
40 : o
PMBO. A N\«
oHo ©
(14
°|i - (7u + 3X)1g+ 1ring + 3X O
u o o
ofi = 10° N
0 =sm { Al=2
TBS-O >
protecting
group
overhead: X = 1 for Si
(15)

oli =(4C* +3u+2 ring + SX)1Q+1ring+3X

(0) ofi 5
o '=12
E’\)

42
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43 16)

(17)
ol = 1510

46
Ph
0upOn s, ©
/ .
H =z

0 New ring not in
O\Si‘“—/ﬁnal product;

therefore overhead

B “t-Bu
47

OH
o A°l =410
HO ——
HO 272
OH
OH
48

I=C*+U + AR + X
I=5+1 + 0 + 6

o= 120

OAc
(o]
AcO
Ac%
OA
49 OAc

I=C*+U + AR + X
I=5+6 + 0 + 11

(18)

of= 1210

10. Counting arene and heteroarene creation and
substitution

The final example deals with overhead and intricacy count-
ing for arene and heteroarene formation and substitution.
Wood’s superb synthesis of K252a demonstrates many of

these features (Eq. (19)).2° Oxalic acid diamide 50 bears 16
unsaturations, 4 arene substitutions (bold), and 4 hetero-
atoms for an °/=24. Bis Madelung cyclization of this
material nicely affords bis indole 51. The loss of two
oxygen heteroatoms in the expelled water is counter-
balanced by the formation of two new doubly stereogenic
indole rings with an extra common (hetero)aromatic
substitution, so A°/=+3 for this process. Rhodium
catalyzed decomposition of the protected diazotetramic
acid 53 presumably initially affords cyclopropane adduct
54 which suffers isomerization to a new bisindole—
tetramic acid 55. Dehydrative aromatization of this
substrate gives the key arene fused lactam 56 which has
A°I=+2 via formation of a new arene ring bearing two
additional substituents (AR=8). If one includes the diazo
moiety in D ° of the two starting materials, the overall
transformation (51+53—56) results in a net change of
intricacy factors of zero because of the loss of dinitrogen
(°I=4). Counting dinitrogen as a desired co-product along
with 54 from the reaction of 51 and 53 then gives A°I=+4.
Alternatively, since the diazo moiety is prepared from
intermediate 52 by reaction with tosylazide, it is equally
acceptable to consider the diazo function as overhead.
Using the latter method, the increase in intricacy calcula-
tion from 51 and 52, also results in A°/=+4 for the genesis
of desymmetrized lactam 56.

11. The synthesis blueprint

The outline of a complete synthesis is called the
synthesis blueprint and includes the structures of all
starting materials, the target, and includes the °I values
for each. The number of operations, yields, as well as the
1Q, and EQ are also presented in compact form. Such
blueprints should not occupy journal space, but are easily
provided as supplementary internet information. The SB
will result in substantial timesavings for those who wish
to compare partial or total syntheses. The synthetic blue-
print for the Wood K252a synthesis® is shown in Eq.
(20).

The two oxygens of the oxaloyl chloride precursor are not
counted in the > °[, calculation because the material is
commercially available. While the toluidine is commer-
cially available, the high degree of intricacy of all aromatic
starting materials must be counted in order not to skew the
calculation. Moreover, toluidine is the primary starting
material and would be counted for that reason alone. The
protected tetramic acid 24c¢ contributes to the Y °I, calcu-
lation but neither the ethyl acetoacetate nor the tosyl azide is
included. The 3,4ADMB moiety is ignored since this material
is both commercially available and only used as a protecting
group; therefore, its arene moiety is not incorporated into
the structure (but is still considered to be overhead).

12. The intricacy—efficiency product

A third indication of the ‘quality’ of an organic synthesis
can be derived from the product of IQ and EQ. This number,
termed the intricacy—efficiency product (I-E), is akin to
‘slugging percentage’ in baseball.”' Table 1 lists the data
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obtained from analysis of 40 total syntheses and includes the
I-E value, but it must be stressed that in the case of this
many-variable study, the I-E value is not intended to provide
an accurate measure of the relative standing of either the
individual PI’s or their syntheses. Nevertheless, it is asserted
that a head-to-head comparison of a number of different
approaches to the same target or a cumulative I-E over a
5-10 year period would indeed provide a meaningful
comparison of synthetic strategies or the individuals who
devise them.

commercial,
but primary SM 2 60 65 (CCc)
o a
u [e) 1 85 3b 26*
©\)k = o
UNF N ome € *68% of 69% ee

N> recry to >95%ee
57 58
I=C*+U+ AR+ X
°I=0+5u+lring + 1 + 2

O\IH 195 ONBOC

59 60
commercial

Ph._,CO,Me

“NHeHClI

61

HCI salt

not counted
I=C*+U+AR+ X
I=2+7+1 +3

IQ=13-9/4=1.00
21

13. °I and the quest for an ideal synthesis

The design and testing of new strategies having the potential
to efficiently generate high °/ factors can help to stimulate
the evolution of organic synthesis. A successful example of
such a strategy is seen in the synthesis of the childhood
antipsychotic agent methyl phenidate 61 (Ritilin ). An
enantiopure Rhodium [II] catalyst is used to achieve
enantioselective C—H functionalization of Boc-piperidine
60, providing a beautiful and efficient synthesis of the active
(R,R) enantiomer. This outstanding chemistry was inde-
pendently disclosed by the groups of Winkler and Davies™
(Eq. (21)). Product 61 is comprised of 2 stereocenters and 6
unsaturations (°/==8). Although 57 bears no chiral centers,
its °I value must be subtracted from the degree of difficulty
of the target since it bears the arene (and is the primary
starting material). Calculation generates an IQ value of
1.0; with the key asymmetric carbenoid insertion and
removal of the Boc protecting group constituting two of
the four total operations.

14. Syntheses included in the dataset

Armed with the previously described formulas, we
surveyed a collection of total syntheses of enantiopure
targets in order to determine a typical range of values for
1Q, EQ, and I-E. The dataset initially comprised more than
100 syntheses published in 1996 or later. This set was first
surveyed for IQ values, which exhibited values of from
<0.1 to 1.83. In an attempt to secure a varied and repre-
sentative array, it was decided to include no more than one
synthesis per principal investigator. For similar reasons, no
more than one synthesis per given target was included in
Table 1.72 Once it became apparent that wide variability in
IQ existed, it was decided to limit inclusion to the 40
syntheses with the largest IQ scores. It is important to
reiterate that these 40 syntheses are the fop 40% of the
original set of molecules surveyed.

15. Conclusions

Based upon above analysis, the current state-of-the-art of
organic syntheses provides an impressive benchmark for the
planning of new syntheses. Once one has accounted for the
intricacy features supplied by the starting materials, it
requires an average of only ~1.33 synthetic operations
(IQ = 0.75) to create each of the remaining intricacy factors
(1/1Q). Therefore, it would seem to be reasonable to suggest
that one should strive to design a synthetic plan which has
fewer than two net operations for per intricacy factor
required (i.e. a projected 1Q > 0.5). The craftsmanship of
organic chemists is also at a very high level, with an average
yield per operation of ~80% (EQ = 79).

The increase in intricacy (A°l) method is mathematically
unforgiving of chemistry which increases the number of
operations without concomitant expansion in the com-
plexity of the substrate; examples include protection/depro-
tection, functional group interconversion, and introduction/
removal of auxiliaries.

One must be cautious in application of the A°l method.
This simple protocol stresses the creation of stereo-
centers, rings, and unsaturations. Therefore, even
outstanding syntheses which incorporate segments with
numerous preexisting stereocenters obtained from chiral
pool starting material will not generate high IQ scores.*
Specific examples include the synthesis of saccharides
and peptides.
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Table 1. The top 40

Rank Target Strategy” °l, °L—> "L #ops 1Q EQ I'E Refs. Year
1 \q\/\q\q\qw\rr“\)\ U-106305 CR 25 2 12 1.83 72 1320 23 1996
S (0]
~
2 Mappicine CR 27 15 11 1.36 82 1118 24 1998
OH
3 MDL 28,726 CCb/Csm 31 9 6 1.50 73 1095 25 1999
4 O O O K252a CR 47 19 15 1.27 80 1013 26 1997
(o]
5 A26771B CCc/Csm 16 10 9 1.11 76 844 27 2000
CO,H
6 Ricinelaidic Acid CCc 12 8 8 1.00 82 820 28 1997
7 Decarestrictine D Csm/CCc 13 9 10 0.90 84 756 29 1998
HO = ““OH
OH
HO, N
8 HO™ Castanospermine CA/CCc 12 9 9 1.00 75 750 30 1999

OH OH
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Table 1. (continued)

Rank Target Strategy® °l, °L—> L #ops 1Q EQ IE Refs. Year
OH
| X
9 AS58365A Csm 17 9 11 0.82 90 736 31 1999
H CO2Me
(o]
O/Io
10 Amabiline Csm 24 6 7 0.86 85 729 32 1998
D
Ph._,CO,Me
11 “NHHQ Methyl Phenidate CCc 13 4 4 1.00 68 680 33 1999
12 Quassin Csm 24 17 23 0.74 86 636 34 1998
13 Discodermolide Csm 32 27 37 0.73 87 635 35 2000
14 Stipiamide CA 26 14 16 0.88 71 621 36 1997
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Table 1. (continued)

Rank Target Strategy® °l, N #ops 1Q EQ IE Refs. Year
15 Epothiolone A CR/CA 26 17 20 0.85 73 621 37 1997
16 MeO O Steganone CA 41 12 16 0.75 79 593 38 2000
(o]
Me O
OMe
HaeHQ
17 MeS. OH Mannostatin A CCb 11 7 10 0.70 83 581 39 1998
HO OH
18 Aegiceradienol CCc 16 10 13 0.77 75 577 40 1999
CO,H
19 Dynemicin A CA 49 27 38 0.71 80 568 41 1997
OMe
B 0]
20 (@] ! S Aplysiapyranoid C CR 10 7 10 0.70 79 553 42 1998

Cl
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Table 1. (continued)

Rank Target Strategy® A °L—> "L #ops 1Q EQ IE Refs. Year
21 Callystatin A Csm/CA 23 16 25 0.64 85 544 43 1998
22 | NN Isopulo’upone CCc 20 11 19 0.58 86 498 44 1997
= g
OH
HO, A OH
23 . OH Pancratistatin CR 31 11 19 0.58 82 475 45 1998
NH
OH O
WOH
24 Roflamycoin Csm/CCc 35 24 38 0.63 75 474 46 1997
OH
OH OH OH OH OH OH OH
CO,H
25 Chlorothricolide CR/CA 32 19 34 0.56 84 469 47 1998
(0]
\
26 Digitoxigenin CCc 20 14 25 0.56 81 454 48 1996
OH

HO
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Table 1. (continued)

Rank Target Strategy® °l, °L—> "l #ops 1Q EQ I'E Refs. Year
27 Picrotoxinin Csm 20 13 22 0.59 76 449 49 1999
28 ‘\\O Croomine Csm 17 6 10 0.60 74 444 50 1999
29 Pinnatoxin A CR/CA 36 31 60 0.52 82 424 51 1998
30 Ptilocaulin CA 13 8 11 0.73 77 423 52 1996
31 Deoxycrispolide CR 16 11 19 0.58 71 411 53 1996
32 Isocrambescidin 800 Csm/CCc 30 13 28 0.46 87 404 54 1999
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Table 1. (continued)

Rank Target Strategy® °l, °L—> "L #ops IQ EQ IE Refs. Year
33 H Narciclasine CCb 30 7 11 0.64 62 395 55 1999
HN  OH
Me S
H |'D' e e |Nb
o
34 (0) Fluvirucin B1 CCc/CR 19 12 24 0.50 76 380 56 1997
Et O A
HN
35 Phorbol CA 22 15 34 0.44 82 362 57 1997
36 Csm 12 6 15 0.40 86 344 58 1998
37 Dysidiolide CA 19 8 20 0.40 84 336 59 1998
=
38 Fumagillol Csm 15 7 18 0.39 82 319 60 1999
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Table 1. (continued)
Rank Target Strategy® °l, °L—> "L #ops 1Q EQ IE Refs. Year
39 t Elaiolide Csm 21.5 11.5 34 0.34 82 277 61 1999
H ;
40 nCyH, | O Asimicin Csm/CR 21 7 2 032 84 267 62 1997
0 Ne) 9
OH OH o
Avg(s) 23 13 19 0.75 79 585 - 1998

* Csm=Chiral starting material; CR=chiral reagent; CA=chiral auxiliary; CCc=chiral chemical catalyst; CCb=chiral biological catalyst.
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