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In the American Thoracic Society/European Respiratory Society con-
sensus classification, idiopathicinterstitial pneumonias are classified
into seven clinicopathologic entities. The classification is largely
based on histopathology, but depends on the close interaction of
clinician, radiologist, and pathologist. An accurate diagnosis can
be very difficult, especially when deciding between idiopathic pul-
monary fibrosis and fibrotic nonspecific interstitial pneumonia; bet-
ter diagnostic markers are needed. The prognosis of idiopathic
pulmonary fibrosis is very poor, with median survival of 2-4 yr after
the diagnosis, yet the course of individual patients is highly variable.
Predicting prognosis in the individual patient is challenging but
various clinical and radiologic variables have been identified. Ac-
cording to several recent clinical trials, the natural history of this
disease may involve periods of relative stability punctuated by acute
exacerbations of disease that result in substantial morbidity or
death. Nonspecific interstitial pneumonia is characterized by a dis-
tinct histopathologic appearance and a better prognosis than idio-
pathic pulmonary fibrosis. However, there is still confusion and
controversy over the relationship between idiopathic pulmonary
fibrosis and fibrotic nonspecific interstitial pneumonia.
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The idiopathic interstitial pneumonias (IIPs) are a group of
diffuse parenchymal lung diseases of unknown etiology with
varying degrees of inflammation and fibrosis. In 1969, Liebow
and Carrington published a landmark histopathologic classifica-
tion schema for the IIPs consisting of five patterns: usual intersti-
tial pneumonia (UIP), bronchiolitis obliterans interstitial pneu-
monia and diffuse alveolar damage, desquamative interstitial
pneumonia, lymphocytic interstitial pneumonia (LIP), and giant
cell interstitial pneumonia (1). Katzenstein and Myers empha-
sized the need for consistent histopathologic criteria for the classi-
fication of the IIPs and incorporated several key distinguishing
features: the temporal heterogeneity of inflammation and fibrosis,
the extent of inflammation, the extent of fibroblastic proliferation,
the extent of accumulation of intraalveolar macrophages, and the
presence of honeycombing or hyaline membranes (2).

The histopathologic classification of the IIPs has evolved over
time, most recently codified in the American Thoracic Society/
European Respiratory Society (ATS/ERS) 2002 consensus clas-
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sification statement (3) (Table 1). This classification separates
the IIPs into seven clinicopathologic entities (in order of relative
frequency): idiopathic pulmonary fibrosis (IPF; frequency, ~ 47
to 64%), nonspecific interstitial pneumonia (NSIP; frequency,
~ 14 to 36%), respiratory bronchiolitis—associated interstitial
lung disease, respiratory bronchiolitis—associated interstitial lung
disease/desquamative interstitial pneumonia (frequency, ~ 10
to 17%), cryptogenic organizing pneumonia (frequency, ~ 4 to
12%), acute interstitial pneumonia (frequency < 2%), and LIP
(frequency < 2%). Although the histopathologic patterns
provide the basis for the ATS/ERS classification, it is no longer
the “gold standard” for the classification of the IIPs (3). The
ATS/ERS consensus statement emphasizes the importance of
dynamic interactions among clinicians, radiologists, and patholo-
gists to arrive at a final clinico-radiologic-pathologic diagnosis.
This new multidisciplinary gold standard for the diagnosis of the
I1Ps is a combined clinico-radiographic-pathologic analysis arrived
at by a dynamic, integrated process among clinicians, radiologists,
and pathologists (when a surgical lung biopsy is available) that
improves diagnostic confidence and interobserver agreement and
should be routinely employed in the diagnosis of the IIPs (3, 4).

The discussion of all seven forms of IIP is beyond the scope
of this short review; several reviews on these entities have been
recently published (5-8). Table 2 summarizes some of the key
features of the IIPs. The pathologic, physiologic, and radiologic
aspects of these diseases and the approach to treatment are
discussed in more detail by other authors in this series. This
review will focus on IPF and NSIP.

IPF

IPF is the most common interstitial lung disease of unknown
etiology. According to the current ATS/ERS definition, IPF is
a distinctive type of chronic fibrosing interstitial pneumonia of
unknown cause limited to the lungs and associated with a surgical
lung biopsy showing a histopathologic pattern of UIP (see
Visscher and Myers, pages 322-329).

WHO IS AT RISK OF IPF?

IPF occurs worldwide and the majority of the patients reported
are white (10-14). IPF mainly affects people over 50 yr of age;
approximately two-thirds are over the age of 60 yr at the time
of presentation. The incidence is estimated at 10.7 cases per
100,000 per year for males and 7.4 cases per 100,000 per year
for females (15, 16). The prevalence of IPF is estimated at 20/
100,000 for males and 13/100,000 for females (15, 16). The major-
ity of patients with IPF are current or former smokers, and
cigarette smoking has been identified in some studies as a risk
factor for developing IPF (12).

WHAT CAUSES IPF?

The pathogenesis of IPF remains unknown. During the past de-
cade, there has been a shift away from the pathogenesis theory of
generalized inflammation progressing to widespread parenchymal
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TABLE 1. HISTOPATHOLOGIC CLASSIFICATION SCHEMES OF IDIOPATHIC
INTERSTITIAL PNEUMONIAS

ATS/ERS (2002) (3)

Liebow and Carrington Katzenstein and Myers

(1969) (1) (1998) (2) Histologic Pattern Clinico-Radiographic-Pathologic Diagnosis
uip ulp ulp Idiopathic pulmonary fibrosis
DIP DIP DIP Desquamative interstitial pneumonia
RB-ILD RB Respiratory bronchiolitis interstitial lung disease

LIP LIP Lymphoid interstitial pneumonia
GIP
BIP oP Cryptogenic organizing pneumonia

AIP DAD Acute interstitial pneumonia

NSIP NSIP Nonspecific interstitial pneumonia

Definition of abbreviations: AIP = acute interstitial pneumonia; BIP = bronchiolitis obliterans interstitial pneumonia and diffuse
alveolar damage; DAD = diffuse alveolar damage; DIP = desquamative interstitial pneumonia; GIP = giant cell interstitial pneumo-
nia; LIP = lymphocytic interstitial pneumonia; NSIP = nonspecific interstitial pneumonia; OP = organizing pneumonia; RB =

respiratory bronchiolitis; RB-ILD = respiratory bronchiolitis—interstitial lung disease; UIP = usual interstitial pneumonia.

fibrosis toward a paradigm of disordered fibroproliferation and
alveolar epithelial cell function (17). A complete discussion of
the current understanding of the pathogenesis of IPF is found
elsewhere in this monograph.

HOW IS IPF DIAGNOSED?

Clinical Features

Most patients present with gradual onset (> 6 mo) of dyspnea
and/or a nonproductive cough. Constitutional symptoms are rare.
Bibasilar fine inspiratory crackles (so-called Velcro crackles) are
the most frequent physical examination finding and digital club-
bing is seen in 25 to 50% of patients. Features of right heart
failure and peripheral edema develop late in the clinical course.

Pulmonary function tests often reveal restrictive impairment
(decreased static lung volumes), reduced diffusing capacity for
carbon monoxide, and arterial hypoxemia exaggerated or elic-
ited by exercise (see Martinez and Flaherty, pages 315-321).

Bronchoalveolar lavage (BAL) fluid cellular analysis shows
increased neutrophils and eosinophils; lymphocytosis is not a
usual feature.

The chest roentgenogram typically reveals diffuse reticular
opacities (see Misumi and Lynch, pages 307-314). The chest
radiograph lacks diagnostic specificity. In addition, the chest
radiograph correlates poorly with the histopathologic pattern,
the anatomic distribution of disease, and the severity of disease,
with the exception of honeycombing, which is quite specific for
IPF. High-resolution computed tomography (HRCT) is signifi-
cantly more sensitive and specific for the diagnosis of IPF and

TABLE 2. CLINICAL, RADIOLOGIC, AND HISTOLOGIC FEATURES, TREATMENT, AND PROGNOSIS OF THE IDIOPATHIC
INTERSTITIAL PNEUMONIAS

Idiopathic Pulmonary

Fibrosis

NSIP

DIP, RB-ILD

Cryptogenic Organizing

Pneumonia

Acute Interstital
Pneumonia

Lymphocytic Interstitial
Pneumonia

Duration of illness

HRCT

Treatment

Prognosis

Chronic (> 12 mo)

e Peripheral,
subpleural, basal
predominance

e Reticular opacities

® Architectural
distortion

® Traction
bronchiectasis/
bronchiolectasis

* Honeycombing

Poor response to
corticosteroid or
cytotoxic agents

5-yr mortality, 80%
(median survival
2-3yr)

Subacute to chronic
(mo to yr)

e Peripheral,
subpleural, basal,
symmetric

e Ground-glass
attenuation

¢ Consolidation
(uncommon)

e Lower lobe volume
loss

e Subpleural sparing
may be seen

Corticosteroid
responsiveness

Cellular NSIP: 5-yr
mortality < 10%
(median survival
> 10 yr) Fibrotic
NSIP: 5-yr
mortality 10%
(median survival
6-8 yr)

Subacute (wk to
mo);

o DIP: diffuse
ground-glass
opacity in the
middle and lower
lung zones

® RB-ILD: bronchial
wall thickening;
centrilobular
nodules; patchy
ground-glass
opacity

Smoking cessation,
effectiveness of
corticosteroid
unknown

RB-ILD: no deaths
reported DIP: 5-yr
mortality < 5%

Subacute (< 3 mo)

¢ Subpleural or
peribronchial

e Patchy consolidation

¢ Nodules

Corticosteroid
responsiveness

5-yr mortality < 5%
(deaths rare)

Abrupt (1 to 2 wk)

 Diffuse, bilateral

e Ground-glass
opacities often
with lobular
sparing

Effectiveness of
corticosteroid
unknown

60% mortality in
< 6 mo

Chronic (> 12 mo)

o Diffuse

e Centrilobular nodules,

¢ Ground-glass
attenuation,

e Septal and
bronchovascular
thickening,

e Thin-walled cysts

Corticosteroid
responsiveness

Limited data, not well
defined

Definition of abbreviations: NSIP = nonspecific interstitial pneumonia; RB-ILD = respiratory bronchiolitis-interstitial lung disease.
Adapted by permission from Reference 64.
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has replaced conventional chest radiography as the preferred
imaging method (Table 2) (19). The presence of extensive ground-
glass opacities, nodules, upper lobe or mid-zone predominance
of findings, and significant hilar or mediastinal lymphadenopathy
should question the radiographic diagnosis of IPF. HRCT can
make a confident, highly specific diagnosis of IPF in half to two-
thirds of patients with IIP (20, 21).

Surgical Lung Biopsy

The definitive diagnosis of IPF requires a histopathologic pattern
of UIP found on surgical lung biopsy (3, 22). The specific features
of UIP are described by Visscher and Myers (9). In addition to
UIP pattern, the diagnosis of IPF requires the following: (/) exclu-
sion of other known causes of interstitial lung disease, (2 ) character-
istic abnormalities on HRCT scan, and (3) a restrictive ventilatory
defect and/or impaired gas exchange (22). In the absence of a
surgical lung biopsy, a presumptive diagnosis of IPF can be made
based on clinical, radiologic, and physiologic criteria (Table 3). In
the immunocompetent adult, the presence of all major diagnostic
criteria and at least three of the four minor criteria increases
the likelihood of a correct clinical diagnosis of IPF (20).

Increasingly, HRCT has been shown to provide a high degree
of specificity in the diagnosis of IPF. Several studies have demon-
strated that, when present, these clinical criteria are highly spe-
cific (> 90%) for the presence of UIP on surgical lung biopsy (20,
21). Their sensitivity, however, is only around 50%. Therefore, in
a subset of patients with IPF, the diagnosis can be confirmed
with a high degree of confidence even in the absence of surgical
lung biopsy (3, 22).

Inrare cases of IPF, the HRCT pattern may be more informa-
tive than the surgical lung biopsy pattern. Biopsies that show a
fibrosing NSIP pattern in patients with clinical and radiographic
features consistent with IPF (especially honeycomb lung) tend to
behave like, and should therefore be regarded as, IPF. This further
emphasizes the importance of a combined clinico-radiographic-
histopathologic diagnostic approach to IPF.

WHAT IS THE NATURAL HISTORY AND
PROGNOSIS OF IPF?

The natural history of IPF is not well defined. While the course
of IPF is typically described as one of relentless decline in respira-

TABLE 3. AMERICAN THORACIC SOCIETY/EUROPEAN
RESPIRATORY SOCIETY CRITERIA FOR DIAGNOSIS OF
IDIOPATHIC PULMONARY FIBROSIS IN ABSENCE OF
SURGICAL LUNG BIOPSY*

Major Criteria (Must Have All Four)

1. Exclusion of other known causes of ILD, such as certain drug toxicities, environ-
mental exposures, and connective tissue diseases
2. Abnormal pulmonary function studies that include evidence of restriction (re-
duced VC, often with an increased FEV,/FVC ratio) and impaired gas exchange
(increased P[A-a]oz, decreased Pao2 with rest or exercise or decreased Dico)
3. Bibasilar reticular abnormalities with minimal ground-glass opacities on HRCT
scans
4. Transbronchial lung biopsy or BAL showing no features to support an alternative
diagnosis
Minor Criteria (Must Have Three of Four)
1. Age > 50 yr
2. Insidious onset of otherwise unexplained dyspnea on exertion
3. Duration of illness > 3 mo
4. Bibasilar, inspiratory crackles

Definition of abbreviations: BAL = bronchoalveolar lavage; DL, = diffusing
capacity of the lung for carbon monoxide; HRCT = high-resolution computed
tomography; ILD = interstitial lung disease; P(a-a)o, = alveolar-arterial pressure
difference for O,.

Reprinted by permission from Reference 22.

* See text for details.
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tory function, the course of individual patients is highly variable
and some patients remain stable for extended periods of time
without treatment (Figure 1).

Estimates of survival in IPF are dependent on the time point
from which they are calculated: time of first radiographic abnor-
mality, time of onset of symptoms, or time of diagnosis. Basilar
reticular opacities are often visible on chest imaging studies
several years before the development of symptoms. Among
asymptomatic patients with IPF (diagnosed by radiographic ab-
normalities found on routine chest X-ray screening and lung
biopsy showing UIP), symptoms developed about 1,000 d after
the recognition of the radiologic abnormality (23). Many studies
have reported that the median duration of symptoms before the
diagnosis of IPF is 1 to 2 yr (23-31). Thus, the diagnosis of IPF
may be delayed 5 or more yr from the time of onset. Compared
with survival from the time of diagnosis, median survival from
the development of symptoms is approximately 48 mo shorter,
illustrating the impact the time point chosen can have on survival
estimates (Figure 2). The median survival in most studies per-
formed after the development of new IIP classification is be-
tween 2 and 4 yr (average, 3 yr) after the diagnosis is made, and
the 5-yr survival is between 20 and 40% (24-31). Survival of the
prevalent cases is longer than that of incident cases, likely be-
cause prevalence studies exclude those who died quickly of ag-
gressive disease (i.e., survival bias) (32).

New insight into the natural history of IPF comes from several
recent well-designed clinical trials (33-35). Although these trials
confirmed the high mortality associated with this disease, the
mean change in lung function was surprisingly small. In a ran-
domized, placebo-controlled trial of IFN-y1b, subjects who sur-
vived to Week 72 had a decrease in mean FVC % predicted
from 64.5 to 61.0%, and a decrease in mean D1,% predicted
from 37.8 to 37.0% (33). Similarly, a randomized, placebo-
controlled trial of acetylcysteine demonstrated a mean reduction
of VC during 12 mo of 190 ml (7.5% of baseline) and mean
decline in D of 0.70 mmol/min/kPa. (13.3% of baseline) in the
placebo group (34). Finally, in a randomized, placebo-controlled
trial of pirfenidone, a decline in VC of only 130 ml was observed
in the placebo group at 9 mo (35).

The discordance between the rate of decline in pulmonary
function and mortality suggests that the clinical course of IPF
may be less a gradual decline and more a steplike process, with
periods of relative stability punctuated by periods of acute decom-
pensation that may be associated with high mortality (Figure 1).
These acute decompensations have received increasing attention
over the last several years and have been termed acute exacerba-
tions of IPF.

Acute Exacerbation of IPF

Acute deterioration in IPF—that is, an abrupt and unexpected
worsening of the underlying lung disease—may occur secondary
to infections, pulmonary embolism, pneumothorax, or heart fail-
ure (36). Often, however, there is no identifiable cause for the
acute decline, and these episodes are called “acute exacerba-
tions” or “accelerated phase” of IPF (37-40).

Acute exacerbations of IPF are increasingly recognized as
common and highly morbid clinical events (35, 37-44) (Table 4).
Martinez and colleagues retrospectively analyzed the course of
168 patients with IPF (45). Over a median period of 76 wk, 21%
of these patients died, and 47% of these deaths followed an
acute deterioration in the patient’s clinical status. Azuma and
colleagues prospectively reported 35 patients with untreated IPF
and found a 14% incidence (five cases) of acute exacerbation
(35). The impact of acute exacerbation on mortality was unclear
as the number of cases was small and only one of the patients
died. Rice and colleagues in a review of autopsy findings conclude
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Figure 1. Schematic drawing of the potential clinical course
of patients with idiopathic pulmonary fibrosis (IPF). The
majority of patients with IPF show a relatively slow decline
in functional status after diagnosis. Others appear to have
episodes of acute clinical deterioration (acute exacerba-
tions) that precede and possibly initiate the terminal phase
of their illness. A minority of patients appear to have a short
duration of iliness with a more rapidly progressive clinical
course. Jagged mark = acute exacerbations.

0 1 2 3
Years

that acute exacerbations associated with a histopathologic pattern
of diffuse alveolar damage may be a common terminal event
(46). Recent studies have suggested mortality rates from 20 to
86% (35, 41-43).

Acute exacerbation of IPF has not been well defined clini-
cally. Most diagnostic criteria are modeled after those of Kondoh
and include acute subjective worsening, new radiographic abnor-
malities, and evidence of impaired gas exchange (38). Because
of the importance of acute exacerbations of IPF to our under-
standing of the natural history the disease, a consensus definition
should be developed and the etiology, risk factors, pathogenesis,
treatment, prognosis, and predictors need to be studied. We
propose that the definition of acute exacerbation of IPF require
subjective and objective evidence of deterioration and exclusion
of common alternative etiologies, such as infection, pulmonary
embolism, heart failure, and pneumothorax (Table 5).

Predictors of Prognosis of IPF

Predicting survival based on baseline clinical variables has
proven challenging. A number of parameters at the time of
diagnosis have been proposed as predictors of worse survival in
IPF: increasing age, male sex, degree of dyspnea, smoking his-
tory, severity of lung function and radiographic abnormality,

0.9 1
0.8

0.7 1

Initial
0.6 1 Visit Onset of

05 | Symptoms

0.4 -

Probability of Survival

0.3 1

0.2 -

neutrophilia or eosinophilia on BAL, honeycombing on HRCT,
and the extent of fibroblastic foci on surgical lung biopsy speci-
mens (24, 47, 48). Among the demographic and physiologic vari-
ables, patient age at the time of diagnosis and reduced lung
function appear to be relatively consistent prognostic markers,
but even these are inconsistent.

A study by Flaherty and colleagues suggests that the HRCT
pattern adds important prognostic information. Among patients
with IPF, a HRCT consistent with definite IPF was associated
with worse survival than a HRCT that was indeterminate (me-
dian survival, 2.08 [95% confidence interval (CI), 1.30-3.98] vs.
5.76 [95% CI, 4.03 to not available], respectively) (49).

Recently, oxygen desaturation during 6 min of walking has
been demonstrated to predict survival in IPF (50). End of exer-
cise Spo,, change in Spo, with exercise, walk distance, and walk
velocity were also correlated with survival in a 5-yr follow-up
study in patients with IPF (51). Considering its simplicity and
practicality, the prognostic value of this test should be investi-
gated further.

Composite indices containing multiple parameters may be
more accurate than single parameters. King and colleagues gen-
erated a clinico-radiologic-physiologic score from a large cohort
of patients with biopsy-proven IPF using clinical, radiographic,

Figure 2. Kaplan-Meier plot of survival
probability from the time of the onset of
symptoms (median survival was 80.8 mo;
95% confidence interval, 65.5-89.3) com-
pared with the time from initial visit (me-
dian survival was 35.2 mo; 95% confidence
interval, 23.2-48.5; n = 238). Reprinted
by permission from Reference 13.
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TABLE 4. ACUTE EXACERBATIONS IN IDIOPATHIC PULMONARY FIBROSIS

Frequency of Acute Mortality Rate after Acute

Publication Study Population Study Design Exacerbations Exacerbations
Kim, 2006 (41) 147 Retrospective cohort 9.6% (2-yr incidence) 78% (overall, 82% died within 3 mo)
Parambil, 2005 (42) 7 Case series Not available 86%
Azuma, 2005 (35) 107 Prospective RCT 7% (6-mo incidence) 20%
Kubo, 2005 (43) 56 Prospective RCT 57% (3-yr incidence) 30%
Kondoh, 2005 (44) 27 Prospective cohort 22% (mean follow-up 49.5 mo) 100%
Ambrosini, 2003 (39) 5 Case series Not available 80%
Akira, 1997 (40) 17 Case series Not available 53%
Kondoh, 1993 (38) 3 Case series Not available 0%
Kondo, 1989 (37) 155 Survey 57.6% (no time period defined) 95.5%
Kondo, 1989 (37) 22 Retrospective cohort 18% (no time period defined) 100%

and physiologic (including exercise test) features to predict sur-
vival (13). Wells and colleagues derived a composite physiologic
index (CPI) from simple spirometry and DL, and demonstrated
that CPI was linked to mortality more closely than the individual
pulmonary function test values (52). The CPI score is easier to
generate than the clinico-radiologic-physiologic score because
no radiographic scoring or exercise data are required. However,
the validity of these composite indices requires more study.

Finally, several studies have shown that serial changes in
dyspnea and lung function are predictive of survival (27-29, 53).
Change in FVC during the initial 6 mo seems to be better than
change in DL as a predictor of mortality in patients with moder-
ately severe disease (27-29).

WHAT IS THE TREATMENT FOR IPF?

The treatment of IPF is discussed by elsewhere in this issue by
Walter and coworkers (pages 330-338).

NSIP

For many years, it was recognized that lung biopsy samples from
some patients with IIP do not fit into any well-defined histologic
pattern. In 1994, Katzenstein and Fiorelli assigned the term
“nonspecific interstitial pneumonia” to this histopathologic
group (55). Importantly, the NSIP pattern is found on surgical
lung biopsies from nonidiopathic forms of interstitial lung dis-
ease, such as connective tissue disease, hypersensitivity pneumo-
nitis, poorly resolved diffuse alveolar damage, LIP, and a variety
of exposures. It has been suggested that NSIP may represent an
injury pattern common to many settings, rather than a specific

TABLE 5. PROPOSED DIAGNOSTIC CRITERIA FOR
ACUTE EXACERBATIONS IN PATIENTS WITH IDIOPATHIC
PULMONARY FIBROSIS

1. Subjective worsening of dyspnea or cough within the last 30 d

2. New ground-glass opacities or consolidation on chest imaging studies (chest
radiograph or HRCT)

3. One of the following:

a. Decline of = 10% in absolute FVC
b. Decline of = 10 mm Hg in Pa,
c. Decline of = 5% in Spo,

4. Negative respiratory culture for respiratory pathogens (positive culture defined
as moderate or heavy growth of sputum or endotracheal aspirate or quantita-
tive culture by mini-BAL = 10° cfu/ml, protected brush specimen = 10° cfu/
ml or BAL = 10* cfu/ml)

5. No evidence of pulmonary embolism, congestive heart failure, pneumothorax
as cause of acute worsening

Definition of abbreviations: BAL = bronchoalveolar lavage; HRCT = high-resolution
computed tomography.

disease, and that idiopathic NSIP (i.e., the clinical condition)
may represent subclinical forms of these alternative diagnoses.

The concept of NSIP as a separate disease entity is attractive,
however, because it can explain some of the historical heterogeneity
in the clinical behavior of IPF. Many patients previously labeled
as having IPF had cellular biopsies (prominent lymphoplasmacytic
inflammation), BAL lymphocytosis, a dramatic response to ste-
roids, and better long-term prognosis. On re-review, many of these
steroid-responsive, cellular, lymphocyte-predominant cases repre-
sented NSIP (i.e., their surgical lung biopsy showed NSIP pattern,
not UIP pattern). Based on this observation, the ATS/ERS classi-
fication schema for the IIPs included idiopathic NSIP as a provi-
sional clinical diagnosis and recommended further study and
characterization of this condition.

Nicholson has proposed that fibrotic NSIP pattern may be
a relatively “inactive” UIP pattern (56). However, in a study
comparing lung biopsy and subsequent explant tissue in patients
with IIP, Katzenstein and colleagues found no explants showing
UIP pattern to be preceded by biopsy findings of the NSIP
pattern, which was interpreted as evidence against the evolution
from NSIP to IPF (57). Furthermore, surgical lung biopsy speci-
mens of early stages from patients with IPF who were detected
by CT scan showed the same temporal heterogeneity (i.e., UIP
pattern) as seen in advanced cases of IPF; NSIP pattern was not
observed (26). Based on these data, current evidence suggest
that, in general, idiopathic fibrosing NSIP pattern represents a
distinct clinical condition, and not an early (or inactive) stage
of IPF (58). The finding of both UIP and NSIP pattern in multiple
biopsies from the same patients (59, 60) raises the possibility that
NSIP pattern may, on occasion, be a nonspecific manifestation of
IPF. However, more data are required to clarify this issue.

WHO IS AT RISK OF NSIP?

NSIP occurs worldwide and the majority of the patients reported
are white. The incidence and prevalence are unknown. The mean
age of patients with NSIP is a decade younger than the patients
with IPF (median age of onset is 40 and 50 yr respectively)
(3,23,25,29, 53). NSIP appears to be more common in women,
although this needs further clarification. There is not an associa-
tion with cigarette smoking.

WHAT CAUSES NSIP?

The pathogenesis of NSIP is unknown. Many investigators sus-
pect it to be an autoimmune disease because of the common
appearance of this pattern in patients with connective tissue
disease, especially systemic sclerosis and polymyositis-
dermatomyositis. As mentioned previously, it is also possible
that idiopathic NSIP may represent subclinical forms of other
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nonidiopathic interstitial lung diseases (e.g., hypersensitivity
pneumonitis). Clearly, this issue needs additional study.

WHAT ARE THE CLINICAL FEATURES OF NSIP?

The clinical presentation of NSIP generally consists of the sub-
acute onset of dyspnea or nonproductive cough. Constitutional
symptoms are rare, although a low-grade fever is sometimes
reported. The median duration of symptoms before diagnosis
varies from 6 to 18 mo. Clubbing is found in about 10% of
patients. In contrast to IPF, serologic abnormalities (antinuclear
antibodies and rheumatoid factor) may be positive in low titer.
More than half of the patients have an increased percentage of
lymphocytes in the BAL fluid. Pulmonary function tests often
reveal restrictive impairment, reduced diffusing capacity for car-
bon monoxide, and arterial hypoxemia exaggerated or elicited
by exercise (18). The radiologic and histopathologic findings will
be discussed by other authors in this issue (9, 19).

HOW IS NSIP DIAGNOSED?

As with all IIPs, the diagnosis of NSIP depends on a combination
of clinical, radiologic, and histopathologic findings. NSIP is char-
acterized pathologically by varying degrees of inflammation and
fibrosis and by temporal homogeneity (i.e., uniformity of fibro-
sis), which is distinct from UIP pattern. Nonetheless, fibrotic
NSIP pattern can be difficult to distinguish from UIP pattern,
and significant interobserver variability exists even among expert
histopathologists (30, 61). Therefore, even though the current
ATS/ERS classification is based on histopathologic pattern, addi-
tional diagnostic methods, such as microarray analysis, are
needed to better distinguish the two diseases. (62).

WHAT IS THE TREATMENT FOR NSIP?

Patients with NSIP have a better outcome than patients with
IPF, with many showing improvement after treatment with corti-
costeroids. Importantly, there are no controlled data on which
to judge the effectiveness of therapy. Retrospective reviews of
patients with NSIP show around a third will improve pulmonary
function with therapy and the majority of the rest will stabilize
(30, 63). Patients with NSIP may require the addition of immuno-
suppressive agents as the initial response to corticosteroids alone
may not be adequate. Patients with moderate to severe impair-
ment are at particular risk for progressive or poorly responsive
disease (53). It has been suggested that patients with fibrosing
NSIP be treated with the combination of corticosteroid and
immunosuppressant therapy to prevent the development of an
irreversible fibrosis (44). Further studies are needed to compare
the effect of corticosteroid therapy with corticosteroid and im-
munosuppressant combination therapy for idiopathic fibrosing
NSIP (44).

WHAT IS THE NATURAL HISTORY AND
PROGNOSIS OF NSIP?

The clinical course of idiopathic NSIP has not been well studied.
The prognosis of cellular NSIP is excellent with few reported
deaths (29, 53). The course of fibrotic NSIP is worse, with re-
ported median survival ranging from 6 to 13.5 yr (25, 29, 49, 53,
60). Travis and colleagues reported the 10-yr survival of fibrotic
NSIP to be 35% (31). Nicholson and colleagues reported a
5-yr survival of only 43% (30). Nagai and colleagues reported
deterioration of lung function despite treatment in 5 of 17 pa-
tients, and 2 of them died (48). Kondoh and colleagues showed
that 25% worsened or died after a mean follow-up of 92 mo
(44). Further studies with long-term follow-up in larger number
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of patients are required to clarify the course and prognostic
marker in this disease.

CONCLUSIONS

Following the development of the ATS/ERS consensus classifi-
cation, we have been able to classify the IIPs more clearly.
HRCT has become central to the diagnosis of the IIPs, and a
multidisciplinary approach to the diagnosis of these conditions
is paramount. IPF has the worst prognosis among the chronic
IIPs. However, the clinical course of IPF may not be as indolent
and steadily progressive as classically described. Periods of rela-
tive stability may instead be punctuated with acute exacerbations
of disease that cause new lung injury, acute decline, and, fre-
quently, death. Predicting prognosis in the individual patient
with IPF is challenging but various clinical and radiologic vari-
ables have been identified. NSIP has been proposed as a separate
entity among the IIPs. There is little evidence to support the
idea that NSIP progresses to IPF; rather, NSIP may be a unique
form of IIP, although further clarification of the relationship of
NSIP to collagen vascular disease, hypersensitivity pneumonitis,
and other nonidiopathic forms of interstitial lung disease is
needed. NSIP appears more responsive to corticosteroid and
immunomodulatory therapy, and has better survival than IPF.
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Idiopathic Nonspecific Interstitial Pneumonia
Lung Manifestation of Undifferentiated Connective Tissue Disease?

Brent W. Kinder?, Harold R. Collard?, Laura Koth!, David I. Daikh', Paul ). Wolters', Brett Elicker?,

Kirk D. Jones3, and Talmadge E. King, Jr.7

Departments of 'Medicine, *Radiology, and *Pathology, University of California School of Medicine, San Francisco, California

Rationale: The American Thoracic Society/European Respiratory
Society International Consensus Classification panel identified the
clinical entity idiopathic nonspecific interstitial pneumonia (NSIP) as
a provisional diagnosis and recommended further study.

Objectives: We hypothesized that idiopathic NSIP is an autoimmune
disease and the lung manifestation of undifferentiated connective
tissue disease (UCTD), a recently described, distinct entity.
Methods: We studied 28 consecutive patients with idiopathic in-
terstitial pneumonia (IIP) enrolled in the University of California, San
Francisco Interstitial Lung Disease Center who met prespecified
criteria for UCTD, as follows: at least one clinical manifestation of
connective tissue disease, serologic evidence of systemic inflamma-
tion in the absence of clinical infection, and absence of sufficient
American College of Rheumatology criteria for another connective
tissue disease. Medical record reviews, evaluation of radiographs,
and scoring of lung biopsies were performed. The control group
consisted of all other patients (n = 47) with lIP who did not meet the
UCTD criteria.

Measurements and Main Results: The patients with UCTD were more
likely to be women, younger, and nonsmokers than the IIP control
subjects. Compared with the control group, patients with UCTD-ILD
were significantly more likely to have ground-glass opacity on high-
resolution computed tomography (HRCT) and NSIP pattern on
biopsy, and less likely to have honeycombing on HRCT or usual
interstitial pneumonia on biopsy. At our center, the majority of
patients classified as idiopathic NSIP (88%) met the criteria for
UCTD.

Conclusions: Most patients diagnosed with idiopathic NSIP meet the
case definition of UCTD. Furthermore, these results show that the
clinical entity idiopathic NSIP is different from idiopathic pulmonary
fibrosis and appears to be an autoimmune disease.

Keywords: idiopathic interstitial pneumonia; systemic rheumatic disease;
undifferentiated connective tissue; collagen vascular; autoimmune disease

Before the last decade, a subset of the patients diagnosed as
having idiopathic pulmonary fibrosis (IPF) had cellular biopsies
(prominent lymphoplasmacytic inflammation), bronchoalveolar
lavage lymphocytosis, a clinical response to steroids, and a better
long-term prognosis (1-4). On review of the lung histopathol-
ogy, most of these cases were reclassified as nonspecific in-
terstitial pneumonia (NSIP) (i.e., their surgical lung biopsy
showed a pattern, termed NSIP, distinct from usual interstitial
pneumonia [UIP], the pattern characteristic of IPF) (5, 6).
Consequently, the 2002 American Thoracic Society/European
Respiratory Society (ATS/ERS) International Consensus Panel
for Classification of Interstitial Lung Disease included idio-
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

The clinical entity idiopathic nonspecific interstitial pneu-
monia is a provisional diagnosis and needs further study.
Undifferentiated connective tissue disease is a recognized
disease entity, but the pulmonary manifestations are not
described. Their relationship is unknown.

What This Study Adds to the Field

Patients previously classified as having idiopathic nonspecific
interstitial pneumonia have clinical, serologic, radiographic,
and pathologic characteristics that are highly suggestive of
autoimmune disease and meet criteria for undifferentiated
connective tissue disease.

pathic NSIP as a provisional clinical diagnosis and recommen-
ded further study and characterization of this condition (7).

The histopathologic pattern of NSIP has been found in
a wide variety of clinical and radiologic contexts (8-10). Re-
cently, NSIP has been identified as the most common histo-
pathologic pattern found in patients with connective tissue
disease (CTD) who meet established American College of
Rheumatology (ACR) criteria (11-13).

Rheumatologic studies have estimated that up to 25% of
patients with features of a systemic autoimmune disease do not
fulfill ACR classification criteria for CTD (14-18). These pa-
tients are considered to have diffuse or undifferentiated CTD
(UCTD). The majority of such cases (65-94%) after years of
follow-up do not develop into a “differentiated” CTD (e.g.,
rheumatoid arthritis, systemic lupus erythematosus, systemic
sclerosis, mixed CTD) (14-19). Consequently, it has been pro-
posed that UCTD represents a distinct clinical entity with the
following criteria: signs and symptoms suggestive of a CTD,
positive serologic results, and disease duration of at least 1 year
(19-21). The most common clinical manifestations of UCTD
include the following: Raynaud’s phenomenon, arthritis/arthral-
gias, pleuritis/pericarditis, sicca symptoms, cutaneous involve-
ment (photosensitivity, rash), esophageal involvement, fever,
and myositis (14). The specific pulmonary manifestations of
UCTD have not been studied.

We hypothesized that the clinical entity “idiopathic NSIP” is
an autoimmune disease and, furthermore, is the lung manifes-
tation of UCTD. Applying prespecified diagnostic criteria for
UCTD to a cohort of patients with idiopathic interstitial pneu-
monia (ITP), we studied these patients’ clinical manifestations,
radiographic findings, and lung histopathologic patterns. Next,
we compared the patients with UCTD with all other patients
with IIP enrolled at the University of California, San Francisco
(UCSF), over the same period. Last, we determined what pro-
portion of patients with IIP and a lung biopsy showing NSIP
pattern met the case definition for UCTD. Some of the results
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of this study were presented in abstract form at the ATS Inter-
national Conference in May 2007 (22).

METHODS

Study Subjects and Diagnostic Criteria

We reviewed the medical records of patients consecutively enrolled in
the UCSF Interstitial Lung Disease longitudinal database with a di-
agnosis of IIP from January 1, 2004, to November 1, 2006. Enrollment
included completion of a written survey and permission to review all
medical records. The UCSF Committee on Human Research approved
the study, and subjects provided informed consent.

Patients were considered to have UCTD if review of their medical
record identified signs or symptoms and laboratory findings that met
the prespecified criteria for UCTD as defined in Table 1. Patients with
a defined CTD according to current ACR criteria, or a known cause
of interstitial lung disease (ILD) (e.g., hypersensitivity pneumonitis,
drug-induced lung disease) were excluded. Using this approach, 28
patients were identified who met the criteria for UCTD. For the
control group, we reviewed the medical records of all the other patients
with IIP (n = 47) from our original query and who did not meet the
case definition for UCTD.

Clinical and Radiographic Characteristics

Patients entered into the database had the following clinical character-
istics documented at the time of the first visit: age, ethnicity, sex, date
of first symptom onset (cough, dyspnea, or wheeze), symptoms or signs
of CTD (Table 1), smoking status, physical exam findings, pulmonary
function tests, and serologic tests (the battery of individual tests were
determined by individual clinician judgment). Serologic studies were
performed in a variety of laboratories, including referring clinics/
hospitals and at the study hospital, using standard techniques (23,
24). All laboratory tests were ordered as part of clinical evaluation and
not performed for the purposes of this study.

High-resolution computed tomography (HRCT) scans of the chest
were performed on all patients at the time of initial evaluation. For this
study, the films were reviewed in a blinded fashion by chest radiologists
experienced in the interpretation of diffuse lung disease. The specific
findings on HRCT were documented for the index scan (first doc-
umenting presence of ILD).

TABLE 1. DIAGNOSTIC CRITERIA FOR PATIENTS WITH
UNDIFFERENTIATED CONNECTIVE TISSUE DISEASE*

Diagnostic Criteria Presence of

Symptoms associated with
connective tissue disease

At least one of the following symptoms:
. Raynaud’s phenomenon

. Arthralgias/multiple joint swelling

. Photosensitivity

. Unintentional weight loss

. Morning stiffness

. Dry mouth or dry eyes (sicca features)
. Dysphagia

. Recurrent unexplained fever

. Gastroesophageal reflux

10. Skin changes (rash)

11. Oral ulceration

12. Nonandrogenic alopecia

13. Proximal muscle weakness

0ONONLDhwWN =
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Evidence of systemic inflammation
in the absence of infection

Positive findings for at least one of the
following:

. Antinuclear antigen

. Rheumatoid factor

. Anti-SCL 70 antibody

. SS-A or SS-B

. Jo-1 antibody,

. Sedimentation rate (> two times
normal), C-reactive protein

AL hwN =

* Criteria are derived from References 18, 20, and 21.

Pathologic Analysis

All lung biopsy specimens were reviewed by a lung pathologist at
UCSF with experience and advanced training in the evaluation of dif-
fuse lung disease, and were classified using the histopathologic patterns
described in the ATS/ERS International Consensus Classification of
the IIPs (7). Specific features on histopathology were prospectively
documented and a major histopathologic pattern was assigned as part
of clinical care and without knowledge of this particular study.

Determination of Overlap between UCTD and IIP with Biopsy
Pattern of NSIP

After the above analyses were performed, the entire UCSF ILD
longitudinal database was reviewed to identify all patients classified
as IIP with a surgical biopsy documenting an NSIP pattern. This list
was then cross-referenced with all patients fulfilling criteria for UCTD.
The proportion of patients with UCTD among those with IIP and
a biopsy showing NSIP was determined.

Statistical Analysis

Continuous data are expressed as means or medians with observed
range. Categorical data are expressed as percentages. Comparisons
between groups were made using the ¢ test, x? test, or Fisher exact test
as appropriate. All p values corresponded to two-sided tests and statis-
tical significance was defined as a p value of less than 0.05. All analyses
were performed with STATA statistical software (version 9.2; Stata
Corp., College Station, TX).

RESULTS

Study Population

Two hundred and eighty patients were enrolled in the UCSF
database during the study period (78 with IIP, 53 with defined
CTDs, 44 with sarcoidosis, 40 with hypersensitivity pneumonitis,
28 with drug-induced ILD, 6 with asbestosis, 31 with miscella-
neous other diagnoses or diagnostic uncertainty but not believed
to be idiopathic). Among the established CTD-associated ILDs
(cases that were excluded from this study), 33 had scleroderma,
8 had rheumatoid arthritis, 7 had dermatomyositis/polymyositis,
3 had primary Sjogren’s disease, 1 had systemic lupus eryth-
ematosus, and 1 had mixed connective tissue disease.

Seventy-five subjects with IIP had adequate data and 28 of
these met criteria for UCTD (37%). This represents approxi-
mately 10% (period prevalence) of all patents enrolled in the
UCSF ILD clinic during the study period. Forty-seven control
patients with IIP who did not meet criteria for UCTD consti-
tuted the control cohort (Figure 1A). Of these, 41 were diag-
nosed as IPF, 2 as having idiopathic NSIP, 1 with desquamative
interstitial pneumonia, and 3 did not have a biopsy and a final
clinical diagnosis was inconclusive (the differential diagnosis
was fibrotic NSIP vs. IPF).

Demographic and Clinical Characteristics

Demographic and clinical characteristics of the 28 patients with
UCTD and the 47 control patients with IIP studied are shown in
Table 2. Sixty-eight percent of the patients with UCTD were
women compared with 23% of the IIP control subjects (p <
0.0001). The mean age of disease onset (defined by first attrib-
utable lung symptom) was 50 years for the patients with UCTD
and 65 years for the control subjects with IIP (p < 0.0001).
Forty-three percent of patients with UCTD and 75% of the
control IIP patients were ever-smokers (p = 0.006). The most
common ethnicity in both groups of patients was white.

As expected based on the case criteria, systemic but not res-
piratory symptoms could differentiate between the patients with
UCTD and the other IIP control subjects. All patients pre-
sented with dyspnea. Dry cough was somewhat less common in
the UCTD group (82 vs. 98%, p = 0.015). In the UCTD group,
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IDENTIFICATION OF IIP CASES THAT MEET THE CRITERIA OF UCTD
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YES NO
Cases meeting UCTD criteria Cases NOT meeting UCTD criteria
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Study cohort
N= 28

Control cohort
N =47

B
IDENTIFICATION OF BIOPSY PROVEN NSIP CASES THAT MEET
THE CRITERIA OF UCTD

d N

YES NO
Patients meeting UCTD Patients NOT meeting UCTD
criteria

criteria
N = 15 (88%) N=2(12%)

Figure 1. (A) Flow diagram for determining undifferentiated connec-
tive tissue disease (UCTD) cases and control subjects. All cases enrolled
from January 1, 2004, to November 1, 2006, with diagnosis of idio-
pathic interstitial pneumonia (IIP; n = 75) were reviewed to identify
those that met the criteria for UCTD (see Table 1). (B) Flow diagram
showing the proportion of patients with nonspecific interstitial pneu-
monia (NSIP) on biopsy that met the criteria for UCTD. All cases
enrolled from January 1, 2004, to November 1, 2006, with a diagnosis
of IIP and with a lung biopsy showing an NSIP pattern were examined
(n=17).

the most common systemic symptoms were arthralgias/joint
swelling (64%) and Raynaud’s phenomenon (61%). Other
common findings included the following: esophageal symptoms
such as gastroesophageal reflux (65%) and dysphagia (36%),
dry mouth or eyes (29%), recurrent unexplained fever (25%),
rash (25%), and morning stiffness (18%). Twenty-four (86%) of
the patients with UCTD had at least two symptoms, whereas 19
(67%) had at least three systemic symptoms. Twelve (43%) of
the patients had both arthralgias and Raynaud’s phenomenon.
In the control group, these symptoms were much less common.
Clubbing was seen in 7% of those with UCTD and in 26% of
control subjects (p = 0.048), whereas inspiratory crackles were
common in both groups (89 and 96%, respectively).

Laboratory and Physiologic Findings

Laboratory data are displayed in Table 3. A positive antinuclear
antibody was the most common serologic abnormality in patients
with UCTD (64 % ), with a median titer of 1:320. In addition, these
patients frequently had a sedimentation rate more than two times
the upper limit of normal (67%). A positive antinuclear antibody
was decidedly uncommon in the control group (6%), and when
present, was of low titer (1:40 and 1:80).

The pulmonary function abnormalities were similar between
the two groups and demonstrated restrictive defects with
diffusion impairments.

Chest Imaging Findings

Results of the comparison between the two groups for charac-
teristic features on HRCT are shown in Table 4. The finding of
ground-glass opacity extending beyond areas of adjacent re-
ticulation was highly associated with the UCTD patient group
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(odds ratio [OR], 49; p < 0.0001). In addition, the finding of
consolidation was also associated with having UCTD (OR, 10;
p = 0.025). In contrast, the finding of honeycombing (OR for
UCTD, 0.06; p < 0.0001) and traction bronchiectasis (OR for
UCTD, 0.23; p = 0.006) was much more characteristic of the other
ITPs than with UCTD. Mosaic perfusion was more common in the
UCTD group but the difference was not statistically significant
(p = 0.36). Reticulation was a common feature in both groups.

Histopathologic Findings

Table 5 shows the histopathologic patterns for all study patients
who underwent surgical lung biopsy (n = 40; 18 [64%] met
criteria for UCTD, and 22 [47%] had other IIPs) and provides
a comparison between the UCTD and control groups. Overall,
UIP was the most common pattern (50%) followed by NSIP
(43%). There was one case each of organizing pneumonia, de-
squamative interstitial pneumonia, and nonclassifiable fibrosis.

Among the 28 cases who met the UCTD criteria, 18 un-
derwent surgical lung biopsy, the NSIP pattern was present in
15 patients (OR, 50; p < 0.0001); in the remaining three cases,
there was one case each of organizing pneumonia, UIP, and
nonclassifiable fibrosis. Among the 22 cases with I[P who
underwent surgical lung biopsy and who did not meet the
UCTD case definition, two patients had an NSIP pattern found
on lung biopsy. Therefore, among all patients enrolled in the
UCSF database with IIP and an NSIP pattern on surgical lung
biopsy during this study period (n = 17), 15 (88%) met our case
definition for UCTD (Figure 1B). It is noteworthy that the two
patients who did not meet the UCTD case definition met the
systemic symptom criteria and had ground-glass opacity on
HRCT but did not meet serologic criteria; however, complete
serologic panels were not performed. The UIP pattern was
strongly associated with the other IIP group (OR for control
subjects, 111; OR for UCTD, 0.009; p < 0.0001).

DISCUSSION

Even in the absence of a defined CTD, 10 to 20% of patients
with ITP have systemic symptoms (fever, arthralgias, Raynaud’s
phenomenon) and serologic abnormalities (elevated erythro-
cyte sedimentation rate, antinuclear antibodies, or rheumatoid
factor) suggestive of an autoimmune process (25-27). Following
the 2002 ATS/ERS international consensus classification of the
IIPs, it has been noted that most patients with these findings are
classified among the patients with idiopathic NSIP (3, 28). In
addition, it is now recognized that the vast majority of ILD
associated with defined CTD is characterized by the histopath-
ologic pattern of NSIP (11-13) and a predominance of ground-
glass opacities on HRCT (13, 29, 30), especially in systemic
sclerosis, Sjogren’s syndrome, and dermatomyositis/polymyositis.
A recent ATS working group described idiopathic NSIP as a
distinct clinical entity that occurs mostly in middle-aged women
who are never-smokers and who often have positive serologic tests
for collagen vascular disease (31). Fujita and coworkers recently
reported in a case series that the clinical and pathologic features of
patients with idiopathic NSIP and those with CTD-associated
NSIP were qualitatively similar (32). Given the above, we hypoth-
esized that the clinical entity “idiopathic NSIP” is an autoimmune
disease and the lung manifestation of UCTD, an increasingly
recognized and distinct CTD. Our results provide strong evi-
dence to support this hypothesis. In addition, the high prevalence
(~ 10%) of these patients in a tertiary referral center population
demonstrates the importance of this disorder.

Several characteristics of the current study enhance the
validity of the results: the systematic prospective assessment
for symptoms of CTD, detailed information on clinical and
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TABLE 2. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF PATIENTS WITH UNDIFFERENTIATED
CONNECTIVE TISSUE DISEASE COMPARED WITH PATIENTS WITH IDIOPATHIC
INTERSTITIAL PNEUMONIA

Patients with UCTD* Patients with other IIP*

Characteristics (n=28) (n=47) p Value*
Age at first lung symptom, yr, mean (range) 50 (31-68) 65 (41-86) < 0.0001
Age at first enrollment, yr, mean (range) 54 (33-69) 69 (46-90) < 0.0001
Sex, n (%)
Men 9 (32) 36 (77) < 0.0001
Women 19 (68) 11 (23)
Smoking status, n (%)
Ever 12 (43) 35 (75) 0.006
Never 16 (57) 12 (25)
Former 12 (43) 32 (68)
Current 0 3(11)
Ethnic background, n (%)
White 19 (68) 39 (83) 0.077
Black 1(4) 4(9)
Hispanic 4 (14) 4(9)
Asian 3(11) 0 (0)
Other 14) 0 (0)
Symptoms and signs at presentation, n (%)
Lung related
Dyspnea 28 (100) 47 (100)
Cough 23 (82) 46 (98) 0.015
Wheeze 2@7) 1) 0.284
Systemic
Arthralgias/joint swelling 18 (64) 6 (13) < 0.001
GERD 18 (65) 16 (34) 0.011
Raynaud’s phenomenon 17 (61) 0 (0) < 0.001
Dysphagia 10 (36) 2(4) < 0.001
Sicca symptoms 8 (29) 6 (13) 0.089
Recurrent fever 7 (25) 2(4) 0.007
Skin changes (rash) 7 (25) 1(2) 0.002
Morning stiffness 5(18) 0 (0) 0.003
Unintentional weight loss 3(11) 501 0.992
Proximal muscle weakness 3(11) 0 (0) 0.022
Oral ulcerations 14 0 (0) 0.192
Photosensitivity 0 0
Alopecia (nonandrogenic) 0 0
Bibasilar inspiratory crackles 25 (89) 45 (96) 0.278
Clubbing 2(7) 12 (26) 0.048
Definitions of abbreviations: GERD = gastroesophageal reflux disease; IIP = idiopathic interstitial pneumonia; UCTD =

undifferentiated connective tissue disease.
* Includes patients with UCTD (see Table 1 for definitions).

T1IP control subjects (clinical diagnoses include 24 subjects with idiopathic pulmonary fibrosis, 3 with idiopathic nonspecific
interstitial pneumonia, and 1 with desquamative interstitial pneumonia).

 x2 or Fisher exact test, where appropriate.

radiographic characteristics, and documentation of specific
histopathologic findings. This study is the first to apply specific
criteria for the diagnosis of UCTD to characterize patients with
associated ILD. We show that patients with UCTD and ILD
bear striking similarities to the more established CTDs in terms
of clinical characteristics (female, younger, nonsmoker pre-
dilection, high titer-positive antinuclear antibodies (ANA), ab-
sence of clubbing), radiographic features (presence of significant
ground-glass opacity and absence of honeycombing), and histo-
pathologic patterns (NSIP predominant). We believe this study
provides important insight into the underlying pathogenesis of
these patients—that of autoimmunity.

Autoimmune disease predominantly affecting a single-organ
system is well described (33, 34). The establishment of these
diseases as autoimmune in nature has largely been based on
clinical and laboratory evidence of autoimmunity, and histo-
logic findings of a lymphocytic infiltrate in the affected organ
(33, 34). In autoimmune pancreatitis, internationally recognized
criteria are based on a combination of the findings of abdominal
imaging, laboratory testing (positive autoantibodies), and his-
tology (lymphoplasmacytic infiltrate) (35). Other investigators

have suggested the inclusion of a clinical response to steroids in
the criteria (36). In autoimmune hepatitis, the diagnosis is based
on characteristic clinical features (e.g., female predilection,
systemic symptoms such as arthralgias), circulating autoanti-
bodies (e.g., ANA titer greater than 1:80), abnormal levels of
serum globulins, and a compatible histologic picture (chronic
hepatitis with a plasma cell infiltrate) (34). Although the causes
of autoimmune hepatitis and pancreatitis are unknown, aber-
rant autoreactivity is believed to have a role in its pathogenesis.
Based on similar clinical, laboratory, and histopathologic crite-
ria, we believe our findings suggest that idiopathic NSIP
represents a form of autoimmune pneumonitis.

In the 2002 ATS/ERS international consensus statement on
the classification of IIP, it was stated that, “the concept of an
idiopathic form of NSIP presents a problem for the clinician
because there is no recognized and distinctive clinical descrip-
tion for patients presenting with this histologic pattern on lung
biopsy” (7). Our study suggests that the application of diagnostic
criteria for UCTD may be able to distinguish these patients based
on a thorough systematic review of symptoms or signs of CTD and
serologic studies before obtaining surgical lung biopsy.
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TABLE 3. LABORATORY AND PULMONARY FUNCTION DATA OF PATIENTS WITH
UNDIFFERENTIATED CONNECTIVE TISSUE DISEASE COMPARED WITH PATIENTS WITH

IDIOPATHIC INTERSTITIAL PNEUMONIA

UCTD* Other IIP Patients’
No. of Patients Median or No. of Patients Median or
Characteristic Examined Number (%) Examined Number (%)
Laboratory
Anti-nuclear antibody, positive 28 18 (64) 33 2 (6)
Anti-nuclear antibody titer, median (range) 18 320 (40-1,280) 2 60 (40-80)
Rheumatoid factor, positive 26 509) 29 2(7)
Anti-SSA* antibody, positive 17 2(12) 6 0 (0)
Anti-SSB¥ antibody, positive 17 0 6 0 (0)
Anti-SCLI' 70 antibody, positive 19 1) 9 0 (0)
CCPY positive 3 0 2 0 (0)
Anti-RNP, positive 9 0 3 0 (0)
Sedimentation rate (> 2X normal) 12 8 (67) 4 0 (0)
Anti-Jo1** antibody, positive 9 2 (22) 1 0 (0)
Other serology, " positive 15 9 (60) 9 0 (0)
Pulmonary function tests at presentation
FVC, % predicted (range) 28 62.5 (38-104) 46 69 (36-119)
DLco, % predicted (range) 27 47 (16-64) 44 47 (14-73)
TLC, % predicted (range) 24 66 (47-87) 39 64 (45-101)

Definition of abbreviations: anti-RNP = antiribonucleoprotein; IIP = idiopathic interstitial pneumonia; UCTD = undifferentiated

connective tissue disease.
* Includes patients with UCTD (see Table 1 for definition).

T1IP control subjects (clinical diagnoses include 41 with idiopathic pulmonary fibrosis, 2 with idiopathic nonspecific interstitial
pneumonia, 1 with desquamative interstitial pneumonia, and 3 with inconclusive nonspecific interstitial pneumonia vs. idiopathic

pulmonary fibrosis).
¥ Also known as anti-Ro antibody.
§ Also known as anti-La antibody.
I"Also known as anti-topoisomerase | antibody.
9 Also known as anti-cyclic citrullinated peptide antibody.
** Also known as anti-histidyl-tRNA synthetase.

 Other labs included C-reactive protein, creatine kinase, aldolase.

It has been known for some time that the pulmonary mani-
festations of CTD occasionally precede the more typical systemic
manifestations by months or years (especially in rheumatoid
arthritis, systemic lupus erythematosus, and polymyositis/derma-
tomyositis) (37). Consequently, we expect that some of the
patients included in our UCTD cohort will go on to develop
sufficient criteria to be classified as another disease entity.
However, if patients with ILD behave similarly to those with
UCTD in general, this is likely to be a minority of patients (e.g.,
25%) (14-19). Furthermore, among those patients with UCTD
that does evolve into another disorder, the majority do so within
the first year of follow-up (19). It should be noted that our UCTD

patients with ILD had mean disease duration (first pulmonary
symptom onset until presentation) of approximately 3.5 years at
the time of enrollment.

We have demonstrated that the most common clinical
manifestations in patients with UCTD and ILD are diffuse
arthralgias, Raynaud’s phenomenon, and esophageal symptoms,
whereas oral ulcerations, renal and neurologic disease (data not
shown), alopecia, clubbing, and muscle weakness are uncom-
mon. This relative frequency of findings are similar to what has
been observed in other non-ILD UCTD cohorts (19). These
findings, if replicated, may inform subsequent development of
more specific classification criteria for this form of CTD.

TABLE 4. HIGH-RESOLUTION COMPUTED TOMOGRAPHY FINDINGS IN PATIENTS WITH
UNDIFFERENTIATED CONNECTIVE TISSUE DISEASE COMPARED WITH PATIENTS WITH

IDIOPATHIC INTERSTITIAL PNEUMONIA

Characteristic UCTD* n 28 (%) Other IIPf n = 47 (%) OR (95% CI) p Value*
Ground-glass opacity® 21 (75) 4 (9) 49 (10-261) < 0.0001
Consolidation 5(21) 1) 10 (1.0-483) 0.025
Reticulation 24 (86) 45 (96) 0.20 (0.02-1.40) 0.100
Traction bronchiectasis 18 (64) 37 (79) 0.23 (0.07-0.73) 0.006
Honeycombing 3(11) 37 (79) 0.06 (0.01-0.22) < 0.0001
Mosaic perfusion 4 (14) 2(4) 2.7 (0.29-34) 0.356
Definition of abbreviations: Cl = confidence interval; IIP = idiopathic interstitial pneumonia; OR = odds ratio; UCTD =

undifferentiated connective tissue disease.
* Includes patients with UCTD (see Table 1 for definition).

T1IP control subjects (clinical diagnoses include 41 with idiopathic pulmonary fibrosis, 2 with idiopathic nonspecific interstitial
pneumonia, 1 with desquamative interstitial pneumonia, and 3 with inconclusive nonspecific interstitial pneumonia vs. idiopathic

pulmonary fibrosis).
¥ 2 or Fisher exact test, where appropriate.

% Defined as a significant amount of ground-glass opacification beyond that associated with reticulation.
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TABLE 5. HISTOPATHOLOGIC FINDINGS IN PATIENTS WITH UNDIFFERENTIATED CONNECTIVE TISSUE
DISEASE COMPARED WITH PATIENTS WITH IDIOPATHIC INTERSTITIAL PNEUMONIA

All Patients UCTD* Other IIP*
Histopathologic Pattern n=40(%) n=18(%) n=22(%) OR (95% CI) p Value*
Nonspecific interstitial pneumonia pattern 17 (42.5) 15 (83) 2(9) 50 (6-566) < 0.0001
Usual interstitial pneumonia 20 (50) 1(6) 19 (86) 0.009 (0.0002-0.114) < 0.0001
Organizing pneumonia 1(2.5) 1(6) 0 (0) NS 0.450
Desquamative interstitial pneumonia 1(2.5) 0 (0) 105 NS 1
Nonclassifiable fibrosis 1(2.5) 1(6) 0 (0) NS 1

Definition of abbreviations: Cl = confidence interval; IIP = idiopathic interstitial pneumonia; NS = not significant; OR = odds
ratio; UCTD = undifferentiated connective tissue disease.

* Includes patients with UCTD (see Table 1 for definition).

T1IP control subjects (clinical diagnoses include 41 with idiopathic pulmonary fibrosis, 2 with idiopathic nonspecific interstitial
pneumonia, 1 with desquamative interstitial pneumonia, and 3 with inconclusive nonspecific interstitial pneumonia vs. idiopathic

pulmonary fibrosis).
¥ 2 or Fisher exact test, where appropriate.

There are a number of limitations of this study. First, in
keeping with the most recently published literature on the topic
(19, 20), we chose to only require one connective tissue symptom
for the diagnosis of UCTD. This approach may sacrifice some
specificity and potentially lead to misclassification. If present, the
direction of misclassification would be expected to bias our results
toward the null hypothesis, because patients without true UCTD
would have been misclassified as cases instead of control subjects.
Importantly, the overwhelming majority of patients with UCTD-
ILD had more than one symptom (86%) and most had at least
three symptoms (67 % ). Second, although the study demonstrated
several highly statistically significant associations, the sample size
limited our power to examine some of the less dramatic but
potentially insightful associations (e.g., mosaic perfusion on
HRCT or germinal centers on histopathology). Third, the retro-
spective design limited our ability to acquire a complete serologic
panel on all patients. Consequently, in our case definition, we had
to include a requirement for at least one of several potential
autoantibodies/inflammatory markers. In addition, we included
sedimentation rate and C-reactive protein (in absence of in-
fection) in our criteria to be as inclusive as possible because of the
absence of prior description of UCTD in the setting of ILD.
Although these tests are relatively nonspecific, they are fre-
quently used to monitor disease activity of rheumatic diseases
(38). We would note again, however, that if misclassification
occurred, it would have been expected to bias our results toward
the null hypothesis. In future prospective studies, it will be
important to perform comprehensive laboratory and serologic
panels on all patients to more precisely elucidate these patterns.

In summary, we have demonstrated that most patients
previously classified as having idiopathic NSIP have clinical,
serologic, radiographic, and pathologic characteristics that are
suggestive of autoimmune disease and meet criteria for UCTD.
Future studies should confirm these findings in other cohorts of
patients with ILD, define the natural history of UCTD-ILD,
and identify appropriate targets for well-designed controlled
studies of therapeutic interventions.
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ABSTRACT A method for monitoring formation of latex
particle pairs by chemiluminescence is described. Molecular
oxygen is excited by a photosensitizer and an antenna dye that
are dissolved in one of the particles. 'A;0; diffuses to the second
particle and initiates a high quantum yield chemiluminescent
reaction of an olefin that is dissolved in it. The efficiency of
1A,0; transfer between is =3.5%. The technique
permits real-time measurement of particle binding kinetics.
Second-order rate constants increase with the number of
receptor binding sites on the particles and approach diffusion
control. By using antibody-coated particles, a homogenous
immunoassay capable of detecting ~4 amol of thyroid-
stimulating hormone in 12 min was demonstrated. Single
molecules of analyte produce particle heterodimers that are
detected even when no larger aggregates are formed.

Measurement of ligand-receptor binding events by standard
methods such as radioimmunoassay and ELISA requires a
physical separation of bound and free labeled ligand or
receptor. ‘‘Homogeneous’’ methods avoid this troublesome
step because the signal from the label is modulated by the
molecular binding event (1). Among the more sensitive of
these methods is enzyme channeling immunoassay (2) in
which a binding event brings two enzymes together at a
surface. One enzyme produces a product that is a chromo-
genic substrate for the second enzyme. Because of slow
diffusion at the surface, the first product has a higher local
concentration than in the bulk solution and selectively reacts
with the proximate second enzyme.

An alternative homogeneous method utilizes immuno-
chemical aggregation of ligand- or receptor-labeled particles
(latex agglutination) (3). Detection of agglutination by con-
ventional light scattering requires formation of large aggre-
gates and has limited sensitivity. Low-angle light scattering
measurements provide higher sensitivity but require rigor-
ously exclusion of adventitious particles (4, 5).

In the present study, nonenzymatic channeling of A;0; is
used to provide exquisitely sensitive real-time monitoring of
particle-particle interactions. The method, called luminescent
oxygen channeling immunoassay (LOCI), exploits the short
diffusion distance of 'A;0; to initiate a chemiluminescent re-
action near the site that it was formed. Unlike methods that use
light scattering, LOCI is relatively insensitive to interference by
particles or other substances present in biological samples.

MATERIALS AND METHODS
Chemicals. Dioxene I, thioxene IV, and the squarate dye VII
were prepared by modifications of literature methods (6-8).
Aminodextran having one amine per seven glucose units was
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prepared by adding concentrated ammonia to 500-kDa dextran
(Pharmacia) that had been activated by reaction with epichlo-
rohydrin and Zn(BF,),. The product was purified by precipi-
tation with methanol. Fluorescein-biotin (Fl-biotin) was pre-
pared by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC) coupling of FI-5'-COOH to 1,12-diamino-4,9-
dioxadodecane followed by reaction with biotinyl-6-ami-
nohexanoic acid N-hydroxysuccinimide ester (biotin-LC-
NHS, Pierce). Bis-(6-hydroxyhexyl) disulfide and 6-amino-
hexanol 5'-phosphate esters of dAg and dTs were from
Midland Certified Reagent (Midland, TX). (dT)4-digoxin was
prepared by periodate oxidation of the vicinal glycol of
digoxin, reductive amination with B-alanyl B-alanine, and
EDAC coupling with the 6-aminohexanol oligonucleotide es-
ter. FI-5'-CONH(CH;)sNHCOCH,0OCH,CONH(CH;)sNH,
(F1-X27) was prepared from diglycolic acid and excess 1,6-
diaminohexane followed by coupling to F1-5'-COOH. Anti-
bodies and digoxigenin-3-one O-carboxymethyloxime (CMO-
Dig) were from Syva. CMO-Dig was combined with EDAC
and F1-X»; to give FI-X2,-CMO-Dig. Chloroaluminum phthalo-
cyanine tetrasulfonic acid [PC(SO;H),AICI] and chloroalumi-
num tetra-n-decylphthalocyanine [PC(dec),AlCl] were pur-
chased from Ultra Diagnostics (Seattle). All other compounds
were from Pierce, Aldrich, or Sigma except as indicated.

Buffers. The standard buffer was 50 mM sodium phos-
phate/0.15 M NaCl, pH 7.0. The assay buffer was 0.1 M
Tris'HC1/0.3 M NaCl/bovine serum albumin (1 mg/ml), pH
8.2.

Antibody Conjugates. Anti-thyroid-stimulating hormone
(TSH) antibodies, anti-TSHg and anti-TSHg,, were to
nonoverlapping epitopes. Anti-TSHg, was derivatized with
sulfosuccinimidyl 4-(maleimidomethyl)cyclohexane-1-car-

Abbreviations: TTA, 3-(2-thienoyl)-1,1,1-trifluoroacetone; Phen,
1,10-phenanthroline; TOPO, trioctylphosphine oxide; Chl, chloro-
phyll a; CMO-Dig, d:songenm-.’o—onc Ofarboxymethyloxme. F,
ﬂuon:sccm PC(SO3H)4AICI, chloroaluminum phthalocyanine tetra-
sulfonic acid; PC(dec)4AICl, chloroaluminum tetra-n-decylphthalo-
cyanine; EDAC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
SAv, streptavidin; TSH, thyroid-stimulating hormone; LOCI, lumi-
nescent oxygen channeling immunoassay; RLU, relative light
unit(s).

*To whom reprint requests should be addressed.
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boxylate (sulfo-SMCC). The bis-(6-hydroxyhexyl) disulfide
5'-phosphate ester of dT4 was reduced with tris-(2-
carboxyethyl)phosphine (Molecular Probes) at pH 5.3 and
condensed with the antibody at pH 6.0 at 4°C under argon.
The conjugate was purified over protein A-Sepharose fol-
lowed by DEAE-Sephadex. A dT4/protein molar ratio of 1:1
was determined from the absorption at 260 and 280 nm.

Biotinylated anti-TSHpg; and anti-digoxin were prepared
from biotin-LC-NHS followed by dialysis. The number of
biotins was determined by titration of the protein amines with
2,4,6-trinitrobenzenesulfonic acid.

Streptavidin (SAv) and anti-Fl antibodies were thiolated
with N-succinimidyl S-acetylthioacetate and subsequent
treatment with 0.1 mM hydroxylamine for 1 h under argon.

Dyeing of Latex Particles. Polystyrene latex particles (175
nm) having about 8.3 carboxyl groups per nm? of surface
(Bangs Laboratories, Carmel, IN) were stirred with 3.3 mM
compound I or IV with or without 15.5 mM Eu(TTA); [where
TTA is 3-(2-thienoyl)-1,1,1-trifluoroacetone] and 15.5 mM
1,10-phenanthroline (Phen) or 20 mM trioctylphosphine ox-
ide (TOPO) in 8:1:1 (vol/vol) ethylene glycol/benzyl alcohol/
water for 8-10 min at 110°C. The particles were diluted with
equal volumes of ethanol, centrifuged, washed with water,
and sonicated. Chemiluminescer particles contained 10 mM
I(©y) or >10 mM I or IV together with =100 mM Eu(TTA);
(©1,Eu(TTA),/TOPO OT ©1v/Eu(TTA),/Phen, TESPECtively). A similar
procedure was used to incorporate chlorophyll a (Chl) and
VII into latex particles to give sensitizer particles, @cp and
@cny/vn. The absorption spectra of the dyes in polystyrene
particles were nearly the same as in toluene.

Surface Modification of Latex Particles. Maleimide-
substituted dextran was prepared from amino-dextran and
sulfo-SMCC followed by dialysis. Typically =35% of the
amino groups reacted. Dyed 175-nm latex particles were
coupled to the amino-dextran with EDAC followed by cen-
trifugation, washing, and sonication. After incubation with
excess thiolated SAv, antibody, or dAy for 16 h at 20°C, the
reactive groups were capped with mercaptoacetic acid fol-
lowed by excess iodoacetic acid. Binding capacities were
measured using [*H]biotin, Fl, or Fl-labeled dT4.

Binding of bioTin, FI-X2,-, or dTs-labeled antibodies or
ligands to coated particles was carried out by incubation at
4°C in assay buffer with periodic sonication. Binding was
assumed to be quantitative. Dynamic light scattering mea-
surements showed that any bead aggregation was reversed by
a final sonication in the presence of the free label.

Chemiluminescent Measurements. Standard irradiation
conditions for dioxene I particles included irradiation at 37°C
for 1 min with a 150-W Dolan-Jenner tungsten/halogen lamp
equipped with a 0.71-cm-diameter glass fiber optic bundle
and a 610-nm cutoff filter. Chemiluminescent emission was
then monitored for 20 s with a Turner (Palo Alto, CA) TC20e
luminometer equipped with a 550-nm cutoff filter. A light
output of 1 relative light unit (RLU) was near the minimum
reproducible signal. Thioxene IV particles were irradiated for
1 s at 37°C, and after 50 ms, the emission was monitored for
1 s by using a photomultiplier tube equipped with a 620-nm
band pass filter and automated shutter.

Chemiluminescence quantum yields were determined rel-
ative to that of I (¢cr = 0.021 at 20°C vs. a C standard) (6).
The amount of dioxetane II produced during irradiation of I
in 0.1 uM PC(dec)4AICl in toluene was determined from the
fluorescence of its decomposition product ITI. A similar yield
was assumed for the conversion of IV to V corrected for the
higher rate of reaction of IV with 'A;O; (see below). The
quantum yields were measured in the presence and absence
of added Eu(TTA)sPhen.

Quantum yields of chemiluminescer-dyed particles were
determined by irradiation of particle suspensions in 0.2 uM
PC(SO3H)4AICI and standard buffer at 25°C. The diester ITI

Proc. Natl. Acad. Sci. USA 91 (1994) 5427

was determined after centrifugation of the particles and
dissolution in dioxane. It was assumed that the rates of
reaction of 1A;O, with I and IV in particles were the same
because of the rate-leveling effect of very fast reactions by
polystyrene (9). The total light output was determined by
extrapolation to zero irradiation time to account for light
emitted during irradiation. Light intensities were also mea-
sured after a steady state of the dioxetanes was reached.

Quantum Yield of 'A;0; Formation. Sensitizer-dyed par-
ticles in standard buffer were irradiated and the rates of 'A;0,
formation were monitored by the disappearance of 9,10-bis-
(carboxyethyl)anthracene. Quantum yields were calculated
by comparing with the rate of 'A;0, formation during irra-
diation of 2 nM PC(SO;H)AICI (¢ = 0.4) (10).

Kinetic Measurements. Rates of binding of receptor-
labeled particles to ligand-labeled particles were determined
in assay buffer at 37°C without stirring. Reactions involv-
ing ©y/ucrTa)/TOPO Were stopped by addition of 0.25 mM
biotin prior to measuring the signal. Reactions involving
©rv/Eu(TTA),/Phen WeTE measured in real time.

RESULTS

Chemiluminescent Particles. Dioxene I reacts rapidly with
14402 (k = 7.5 x 107 M~1s71) (11). The resulting dioxetane
II is reported to undergo nearly quantitative first-order decay
to the diester III in toluene at 25°C with chemiluminesence
emission at 360 and 400 nm (¢cr. = 0.021) (6). The quantum
yield has now been found to increase to 0.15 in the presence
of 0.5 mM Eu(TTA);Phen. Only europium emission (pre-
dominantly at 613 nm) was observed, and the decay rate of
II was doubled (Table 1). Thioxene IV reacted even more
rapidly with 'A;0, (k = 1.9 x 108 s~1) but with only weak
emission at 370 nm. Added Eu(TTA);Phen had less effect on
the decay rate but produced strong concentration-dependent
emission at 613 nm (¢cL = 0.20 at 5 mM chelate and ¢ =
0.37 on extrapolation to infinite chelate concentration).

Irradiation of suspensions of ©ypucrra)/Toro O ©ry/
Eu(TTA),/Phen Particles in aqueous solutions of PC(SOs;H)4AICI
at 37°C produced delayed emission at 613 nm that decayed
with multiphasic kinetics (Table 1). The quantum yields were
high (0.31 and 0.46, respectively) and independent of the
irradiation intensity. In contrast, ©; particles emitted at 360
nm with ¢¢cp. = 0.011.

The fraction of 1A;O; entering the particles that reacts with
the dioxene I was determined by irradiating suspensions of ©;
in 1 uM PC(SO;H),AICIL. The total amount of diester III
formed (IIIT) was found to increase with the dioxene concen-
tration in the particles according to the following equation:

1 1 kgt ko 1
— -+ S—
Oy (A0)r k('AOnr [1]
which is derived from the following approximate Kinetic
model:

Table 1. Chemiluminescent quantum yields and decay rates of
dioxetanes produced on irradiation of I and IV

Toluene (25°C) Particles (37°C)
dcL Tify S dcL Tify S
I 0.021 2370 0.011 50
I Eu(TTA)3;Phen 0.15 (0.5) 1280 0.31 (100)* 50
v Very low 2.2
IV Eu(TTA)sPhen  0.371 1.8  0.46 (100) 0.6

71, is the time for 50% decrease in signal during multiphasic decay.
NumLers in parentheses indicate the concentration of Eu in mM.
*Eu(TTA);TOPO used instead of Eu(TTA)s;Phen.

tExtrapolated to infinite [Eu].
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where ps refers to polystyrene, and the integrated total 'A;0,
that enters the particles, (‘A,Og}r, is assumed to be indepen-
dent of the concentration of I in the particles. Based on the
extrapolated yield at infinite [I], 10 mM I trapped 65% of the
17,0, entering the particles.

Sensitizer Particles. The efficiency of 1A,0, formation was
measured by irradiating suspensions of sensitizer particles in
standard buffer containing the A0, trap, 9,10-bis-
(carboxyethyl)anthracene. Chl (g0 = 82,000) was a rela-
tively efficient oxygen sensitizer, but significantly greater
14,0, yield could be achieved by also including the very
strongly absorbing 1,3-bis(N,N-dibutyl-4-amino-3-hydroxy-
phenyl)squaraine VII (es4s = 330,000). This highly fluores-
cent compound, which by itself is a poor sensitizer, presum-
ably serves as an antenna to collect light and transfer energy
from its excited singlet state to Chl (Fig. 1).

The absolute rate of 'A;0, formation from an optimally
dyed dextran-coated @cni v particle under standard irradi-
ation conditions was about 11,000 'A;0, molecules per s (¢
= (.018). This rate increased by about 20% upon saturating
the buffer with pure oxygen instead of air.

Particle Coating. Nonspecific binding interactions of par-
ticles were greatly reduced by coating with dextran. The
apparent particle diameters usually increased from 175 nm to
200-240 nm during the coating process. Generic receptors
were bound to the dextran to permit quantitative function-
alization of the particles with antibodies or haptens that were
appropriately labeled with biotin, dT4, or FI-X,. Typically,
the number of receptors per particle was 300-500 anti-F1
IgGs, 2000-4000 SAvs, or 400-700 oligonucleotides.

LOCI Signal. Chemiluminescent emission at 613 nm was
observed after irradiation (>610 nm) of a suspension of
®chi/v(anti-Fl)yso(F1-Xzo-biotin)eso and ©y/gucrra),/TOPO-
(SAv)aeo. The signal increased linearly with increasing con-
centration of the chemiluminescent particles (43 uRLU for
each chemiluminescer particle added) and peaked at equal
concentration of the two particles (32 uRLU). At chemilu-
minescer particle excess, it approached a slightly lower
plateau near 29 uRLU for each sensitizer particle (Fig. 2).

Initially, a rosette of sensitizer particles would be expected
to form about each added chemiluminescer particle. The
signal arising from a single particle pair interaction should

12

Yield 'A,0,, molelcules per s (x1073)

0.0 5.0 10.0 15.0 20.0
Dye in particles, mM

Fic. 1. Yields of 1A;O; per particle during irradiation of 200 ug
of latex particles containing various amounts of Chl (squares) or 3.5
mM Chl and various amounts of VII (triangles) suspended in 100 uM
anthracene-9,10-dipropionic acid in standard buffer.
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Fic. 2. Suspensions of 22 pM @cny/vn(anti-Fl)sse(FI-X22-
biotin)4so in 0.5 ml of assay buffer were incubated for 2 h with various
amounts of ©/gucrTA)/ToPo(SAV)4000. The suspensions were then
diluted 1:5 and irradiated at >610 nm for 1 min, and the signal was
measured over 20 s.

then be the observed signal per chemiluminescer particle
divided by the number of sensitizer particles in the rosette.
When the chemiluminescer particles are in excess they
should completely surround each sensitizer particle. The
signal from a single particle pair interaction should then be
the observed signal per sensitizer particle divided by the
number of chemiluminescer particles in the rosette. A min-
imum of six spherical particles bound to a central particle is
required to block additional binding and a maximum of 12
particles can bind if perfectly ordered. Random binding was
calculated by computer modeling to yield an average rosette
of 8.3 particles surrounding the central particle. A particle
pair, therefore, gives rise to 3.6-7.2 uRLU (sensitizer par-
ticle excess) or 2.4-4.8 uRLU (chemiluminescer particle
excess). This difference in response may result from com-
petition between the chemiluminescer particles for a limited
supply of 1A;0; when in chemiluminescer particle excess.

Direct evidence that the LOCI signal could be generated
from individual particle pairs was obtained by transmission
electron microscopy. For this purpose @cp/vi(anti-Fl)sso
particles were incubated with ©y/gucrr SAvV)4g00 par-
ticles in the presence of anti-digoxin-(biotin)s and F1-Xj,-
CMO-Dig. Based on the LOCI signal 1.3-2.6 X 10® particle
pairs should have formed. This was near to the electron
microscopically determined number of 3.3 x 108 particle
pairs with almost no larger aggregates.

Few compounds could be found that interfere with singlet
oxygen channeling. These were compounds that quench or
react very rapidly with 1A,02. Thus 1 mM sodium azide or 5
mM ascorbate resulted in a 50% reduction in the s:gnal from
particle pairs. Since azide, which quenches A O in water
with high efficiency (kg = 5 x 10® M~1s~1) (12) displayed
typical Stern-Volmer quenching of the LOCI signal, chan-
neling must be due primarily or exclusively to 'A;0,.

To estimate the local concentration and efficiency of
capture of 1A;0, within a particle pair, the LOCI chemilu-
minescence was compared to the chemiluminescence and the
yield of diester III when @mm,fmpo particles were
exposed to a known 'A;0, concentration. A concentration of
7.8 pM 'A;0; during irradiation of 1 uM PC(SO;H),AICI was
calculated from the ratio of the measured 1A;O, formation
rate to its decay rate in water of 5 x 10° s~! (13). When
uncoated ©; particles were present in this solution, an
average of 780 molecules per min of the diester Il was
formed in each particle. Since the presence of cobrdinatively
saturated Eu(TTA); would not be expected to interfere, the
same rate was assumed for ©1/Eu(TTA»/TOPO. particles. [This
assumption was used because of difficulties in measuring III
in the presence of Eu(TTA);.] Under these conditions,
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©y/eu(rTA)y/TOPO Particles produced a signal of 0.28 uRLU per
particle, which was reduced to 0.17 uRLU after coating with
dextran. By using the above LOCI signal of 3.6-7.2 uRLU
per particle pair, the local 'A;O; concentration experienced
by a chemiluminescer particle in a particle pair is calculated
to be 0.17-0.33 nM and 10,000-20,000 molecules per min of
the diester III are formed.

Binding Kinetics. LOCI could be used to monitor the rate
of particle dimer formation. Various concentrations of ©y/
Ew(TTA),/Toro(SAV)2800 Were mixed with a suspension of 4.89
pM .ch./“|(anti-Fl)‘so-(Fl-Xn-digoxin)“-[anti-digoxin-
(biotin)s)ys particles at 37°C. With equimolar concentrations,
typical second-order kinetics (k = 2.3 x 10° M~1s™1) were
observed up to 78% of the signal extrapolated to infinite time.
The same rate constant was obtained from initial rates. The
infinity point (2.8 pRLU per particle pair) was close to that
obtained independently from the titration data (3.6-7.2
pRLU per particle pair).

The effect of receptor surface density on particle-particle
binding rates was studied with 2.8 pM O©rv/Eu(rTA)/Phen-
(SAvV)3400°[(biotin)s-anti-digoxin], and 2.8 pM @cpy
vi(d A4o)sag'(dT4o-digoxin)sgo. Rates were measured as a func-
tion of the number of anti-digoxin IgGs (n) that were bound
to the chemiluminescer particle. The relative rate constants
initially increased nearly linearly with n but increased less
rapidly at higher surface densities (Fig. 3).

Assay Response. Highly sensitive detection of digoxin, a
typical small molecule analyte, was possible by incubating a
suspension OfQN/MTAWn(SAV]m‘(biOﬁD-Mﬁ-digOﬁn)u
and serum, adding .cm/vn(dAw)m’(dTm-dlgOKm)m, and
measuring the signal. The total assay time was only 63 s (Fig.
4). Increasing the concentration of either particle resulted in
proportional increases in the signal. Since the incubation
periods were substantially shorter than required for complete
particle binding (=3 min), the signal increases primarily reflect
incomplete particle binding.

Human TSH was selected as a model multiepitopic analyte
because of its exceptionally low concentration in hyperthy-
roid patient serum. @{V/Eu(’[n\),;phgn(dA‘o)m{dTwanli-
TSHg)2s0 particles (9.3 pM) and anti-TSHgz-(biotin);s (6.7
nM) were incubated in a 1:3 dilution of serum in assay buffer
for 8 min. The solution was then diluted 1:6 with 17 pM
@chi/vi(SAv)a000 particles and incubated an additional 4 min.
The assay response was linear over four orders of magnitude

Relative initial rates
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Fic. 3. Effect of anti-digoxin/particle ratios on the kinetics of
binding to digoxin-coupled particles. @®cni/vi(dA4o)sso(dT4o-
digoxin)seo (2.8 pM) was incubated at 37°C in assay buffer with
O©rv/EuTTA)/Phen(SAV)3400°(biotin)s-anti-digoxin], (2.8 pM) having
different amounts of anti-digoxin IgG. The initial rates, followed over
95 s, were normalized (Inset) using the independently measured
second-order rate constant of 3.8 x 108 M—1s~! for n = 24. Ratio
refers to anti-digoxin IgG/particle ratio.
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FiG. 4. Serum (50 ul) was incubated with 16 pM ©rv/Eu(rTA
Phen(S Av)ao[(biotin)s-anti-digoxin]y2 (350 ) in assay buffer at 37%
for 33 s. The suspension was then diluted with 600 ul of 30 pM
@O cni/v(dAso)sso(dTo-digoxin)seo, incubated for 20 s, irradiated, and
measured. Duplicate points are shown.

and the signal from 4.2 amol of TSH (2.5 x 105 molecules)
was fully resolved (=6 o above background). This limit was
imposed by a background signal attributable to nonspecific
binding between the sensitizer and chemiluminescer particles
that increased linearly with time. At zero TSH concentration,
there were also smaller time-independent contributions to
background due to the instrument, the autochemilumines-
cence of the chemiluminescer, and O, migration to unbound
chemiluminescer particles. The intensity of the latter was
about equal to the specific signal at the detection limit.

DISCUSSION

Latex agglutination methods for rapid immunochemical de-
tection generally employ relatively insensitive light-
scattering measurements (3). Although it is possible to detect
immunochemical formation of particle pairs by low-angle
light scattering or by using flow systems such as the optical-
pulse particle analyzer (14), these methods require rigorously
particle-free solvents and impractically low particle concen-
trations (4, 5). The present study takes advantage of the short
diffusion distance of 1A;0 produced in one particle to cause
preferential reaction within a particle pair. The ensuing
chemiluminescent reaction in an adjacent particle permits
ready monitoring of particle pair formation without interfer-
ence from particles in the sample. The long wavelength
emission of chemiluminescent reagents, I and IV, in the
presence of a europium chelate minimizes interference by
biological substances, most of which absorb at shorter wave-
length. Some precedence for the method can be found in the
known selective cytotoxic effect of 1A;0, formed upon
irradiation of sensitizers that are immunochemically targeted
to cells. Direct antibody—dye conjugates have been used for
in vivo photodynamic therapy (15) and dye-labeled liposomes
bound to antibodies exhibit selective in vitro killing of T
lymphocytes (16).

The LOCI method permits real-time monitoring of particle
binding. The second-order rate constant at 37°C for the
reaction of biotinylated particles (125 per particle) with
particles heavily labeled with avidin (2800 per particle) was
2.3 x 10° M~1s~1, This approached the calculated bimolec-
ular diffusion-controlled rate constant in buffer (9.0 x 10°
M~-1:s~1) (17) and was similar to the rate constant for dimer-
ization of oppositely charged latex particles (18). In contrast,
digoxin-labeled particles (300 per particle) bind to particles
labeled with anti-digoxin antibodies at a lower rate that is
dependent on the antibody surface density. This behavior is
consistent with formation of particle-particle encounter com-
plexes that dissociate at a rate competitive with particle
binding within the complex. The rate constant is given by
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k= k+konDsAs/(konDsAs +k-),

where k., and k- are, respectively, the rate constants for
formation and dissociation of the encounter complex; D and
A, are the fractional surface densities of the digoxin and the
antibody; and ko, is the first order rate constant for binding
within the encounter complex. Extrapolation to infinite A
(Fig. 3 Inset) gave k. = 2 X 10° M~1s~1, which approximated
the rate constant for avidin particle-biotin particle binding.
Since the rate was unaffected by variations in the surface
concentration of the digoxin, it is probably close to the
maximum achievable. Previously estimated antibody-
mediated particle dimerization rate constants were 100-fold
lower despite very high antibody surface density (19), pos-
sibly because the antibody orientation was not controlled.

Based on Fick’s First Law, a chemiluminescer particle in
a particle pair experiences a !A;0, concentration at a distance
r from the center of an irradiated sensitizer particle of:

s
4D+ a/a) P~ a)/d],

c(r)=
where § is the rate of formation of 1A,0, by the particle (taken
here as 11,000 s~1), a is the radius of the polystyrene portion
of the sensitizer particle (87.5 nm), d is the 'A;O, diffusion
length (D/k4)”* (=80 nm), kq is the 1A;0, decay constant in
water, and D is the diffusion coefficient in water. At 37°C the
relative 'A;0, concentration is negligible beyond =250 nm
from the surface (Fig. 5). For particles separated by 50 nm of
dextran, the mean !A;0; concentration at the surface of the
chemiluminescer particle would be 0.2-0.3 nM ‘A.lOz. This is
consistent with the experimentally derived local *A;0; con-
centration of 0.17-0.33 nM.

Data relating to the transfer efficiency of 1A;0; between
adjacent particles are summarized in Table 2. Since it was
found that III was produced at a rate of 10,000-20,000
molecules per min in a particle pair and 11,000 1A;O; per s are
formed during the 1-min standard irradiation conditions, the
17,0, capture efficiency is 1.5-3.0%. The 'A;0- transfer
efficiency between two bound particles is higher (2.3-4.6%)
because only 65% of the 'A;O; entering the chemiluminescent
particles reacts with 1. Based on the chemiluminescence
quantum yield of the dioxetane II in particles (31%), 4600
1500 photons were emitted per binding event of which =~10%
were emitted during the 20-s monitoring period.

The TSH assay data are informative as to the limits of
sensitivity of LOCI. A linear response to TSH concentrations
down to <0.1% of the particle concentration illustrates that
a single TSH molecule affects particle pair formation and that
particle pairing is sufficient to obtain a signal. However,
detection of TSH was limited to =4 amol (90 fM in serum)
despite sufficient instrumental sensitivity. This limit was
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Fig. 5. Concentration of !A;O; calculated as a function of
distance from a 175-nm particle producing 11,000 1A;O; per s.
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Table 2. Efficiency of 1Ag0; channeling within pairs of ®cpy/vx
and ©y/EwTTA)/TOPO particles under standard 1-min
irradiation conditions

Parameter Value

Rate of 'A;0, production by @chy/vm, s~} 11,000
Efficiency of !A;O, transfer between

particles 0.035 = 0.012
Fraction of 1A;O; entering a particle that

reacts with I 0.65
Chemiluminescence quantum yield of II 0.31
Photons emitted per particle pair 4600 = 1500

primarily due to time-dependent nonspecific binding of the
particles. Drift of 1A;0, to unbound particles produced a less
troublesome time-independent background, which was of a
magnitude consistent with the expected steady-state concen-
tration of A;0; (1 pM).

It is noteworthy that 102-10° fewer photons are emitted per
analyte molecule in LOCI than in homogenous fluorescence
immunoassay methods (20). Nevertheless LOCI is >10°
more sensitive due to the inherently lower background emis-
sion of chemiluminescence. The method is, therefore, appli-
cable to a broad range of analytes such as nucleic acids,
antibodies, and antigens. Because no separation step is
necessary, there may also be an opportunity to make direct
measurements of components of fragile biological structures
such as organelles and cell surfaces. Additionally, the ability
to follow binding kinetics offers the opportunity to gain
greater understanding of the detailed processes associated
with particle—particle interactions.

We particularly thank Dr. George Danilov, Dr. Dariush Davalian,
Jackie Ishkanian, Dr. Rohan Peries, and Marcel Pirio for specific
measurements, preparations, and concepts that were not described
in this paper but provided critical insights.
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ABSTRACT: The R&D process for bringing drugs from discovery laboratories to the
marketplace is undergoing rapid change, as enabled by new technologies and as de-
manded by the global pharmaceutical business environment, One consequence of the
accelerated R&D paradigm is a blurring of the traditional discovery-development in-
terface, which in turn impacts the traditional roles of discovery and development sci-
entists. R&D organizations must find ways to screen cut rapidly compounds that have
relatively poor probability of successful registration. Quality of development candidates
can be favorably influenced by early consideration of “developability” criteria along
with recepior-based potency and specificity. Computational approaches and/or high-
throughput experimental determinations will be used increasingly to profile compound
characteristics which influence “developability.” If such criteria are considered at the
time of lead selection and optimization, the compound attrition rate during later de-
velopment should be decreased from the historical norm. This article discusses the
amerging role of development scientists during small-malecule lead selection and op-
timization. The changing role of development scientists also has implications for gradu-
ate curricula in the pharmaceutical sciences. © 2000 Wiley-Liss, Ine. and the American
Pharmaceutical Association J Pharm Set 89: 145-154, 2000

INTRODUCTION

The research-based pharmaceutical indusiry has
faced growing challenges in recent years as a re-
sult of increased economic and regulatory pres-
sures. Rising health care cosis, increasing price
pressure from managed care organizations, inter-
national price controls, rapid appearance of ge-
neric products {or competition within a therapeu-
tic class) in the market, and more stringent regu-
latory policies have compelled the research-based

Correspondence to: B. A, Lipper.

Journal of Pharmaceutical Sciences, Vol. 83, 145-154 (2000)
D 2000 Wiley-Liss, Inc. and the American Pharmaceuatical Association
Y s

pharmaceutical companies to refine and acceler-
ate their drug discoverv—development pro-
cesses.’ ® While the advent of genomiss, combina-
torial chemistry, and other drug discovery inno-
vations and technologies have resulted in an
unprecedented abundance of new targets and po-
tential drug candidates, additional productivity
pressures require R & D organizations to rapidly
screen out compounds that do not have a high
probability of successful regigtration and com-
mercialization.? R&D spending by US pharma-
ceutical companies 1n 1999 is expected to be
~$21.1 billion (an ~11% increase over 1998) com-
pared to a total R&D expenditure of $6.5 billion
ten years ago.” Thus, while the research-based
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pharmaceutical industry hag added powerful new
technologies to enhance discovery output, the rate
of entry of new chemical entities into the market
may still be slower than desived for long-term
growth and commercial success, especially if de-
velopment resources are constrained and the odds
of successful nonclinical and clinical development
are not improved over the historical norm. Simply
increasing the guantity of compounds in develop-
ment, i.e., playing the numbers game, may not in
itself vield better resulis. Rather, the guality of
drug candidates must alzo be improved by setting
judicious selection criteria at an early stage.®

Given the historical success rate of ~40% for
discovery compounds going from preclinical test-
ing into humans, and only 10% of those making it
into the market,” a major challenge for the re-
search-based pharmaceutical companies is, sim-
ply put, to decrease the attrition rate during de-
velopment, The historical average 90% attrition
rate is no longer compatible with long-term sue-
CEss,

This review article will focus on the role of the
development scientist, in the small-molecules
area, during compound lead selection and optimi-
zation to tmprove the efficiency of the discovery
process (viz., guality of compounds selected to en-
ter development) and thereby increase the prob-
ability of success. The development scientist can
contribule to an environment where lead selec-
tion is no longer based predominantly oun iterative
SAR methods but is also influenced by “develop-
ability” information generated using computa-
tional methods and systematic experimental ap-
proaches. Although organizations differ, for pure-
poses of this article the development disciplines
involved during candidate selection shall include
Pharmaceutics, ADME, Toxicology, Analytical R
& 1, and Process Chemistry. These diseiplines
will assess the developability of the potential drug
candidate based on its safety profile, synthetic
route, and biopharmaceutical properties.’

TRADITIONAL DISCOVERY-DEVELOPMENT
INTERFACE

Traditionally {through the late 1980s), the me-
dicinal chemist in drug discovery has focused on
ligand selectivity and speeificity (X,).%? Although
the medicinal chemists were aware of the impor-
tance of physicochemical properties such as MW,
log P, solubility, and ADME properties (bicavail-

ability, clearance), these were often not weighted
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highly relative to K, during compound selection.
In vitro screening methods for target specificity
often resulted in compounds that were excellent
ligands but not necessarily good development
candidates, since lead compounds which are high-
affinity ligands usually tend toward bigh melecu-
lar weights and increased lipophilicity, which
may result in poor absorption.’ Additionally, in
vitro screening methods for affinity often use non-
agueous solvents, and thus poorly water scluble
compounds may emerge as optimal leads. In this
way, traditional optimization designs may actu-
ally be counterproductive since they may system-
atically gelect againsgt favorable delivery proper-
ties.”

After a drug candidate was selected in this
way, development scientists were given the task
of efficiently synthesizing the molecule, formulat-
ing it, and testing it for biopharmaceutical prop-
erties. Fven though the development scientists
had a good understanding of the factors that af-
fect success further along the pipeline, there was
often little interaction hetween the discovery sci-
entists and development scientists during coo-
pound lead selection. As a result of this paradigm
and the differences in the mindsets of discovery
and development scientists, '* the latter were of-
ten faced with difficult challenges to “fix”™ a coo-
pound’s development ligbilities, and high attri-
tion (or slow development) often resulted. The
traditional development paradigm thus also
tended to increase development tine and cost. As
pointed cut in a recent article, “an efficacious but
non-absorbed agent is no better than a well ab-
sorbed but inefficacious one.””

Toxicity of the drug candidate, lack of efficacy,
and poor bispharmaceutical properties (termed
“inappropriate pharmacokinetics” in one study'?)
are some of the primary reasons for failure and/or
slowdown (Table I). The poor biopharmaceutical
properties are often attributable to poor chemiecal
stability in the gut, poor solubility (and hence dis-
solution rate), poor permeability (and hence ab-
sorption), and poor metabolie and/or elimination
profile. For example, during the development of
MX-878, a cyclic hexapeptide, it was initially mis-
takenly believed that susceptibility fo enzymatic
cleavage was the only obstacle to oral bivavail-
ability.® Although MK-678 was stable to relevant
proteases its oral bicavailability was <b%, dem-
onstrating that stability o proteases was a nec-
egsary but not sufficient condition for adeguate
bicavailability. Later studies suggested that the
secondary amide honds within MK-678 allowed



Table L. Reasons for Failure and/or Slow Down of
Compounds in Development

Reasons for Failure® Reasons for Slow Down®

Poor biopharmaceutical  Synthetic complexity
properties, 35%
Lack of efficacy, 29%

Toxicity, 21%

Ambiguous toxicity finding

Poor biopharmaceutical
properties

Low potency

Inherently time-intensive
target indication

Market reasons, 6%

? Seurce for reasons for failure: refl 12.
¥ Not an exhaustive list.

for extensive solvation, thus decreasing absorp-
tion and contributing to peor bicavailability.®
These and other factors such as hydrogen honding
potential or polar surface area and susceptibility
to efflux pumps must also be taken into consider-
ation during lead identification and optimization.
In another instance, special formulation efforts
such as using a liquid-filled soft gelatin capsule
were used at Plizer to bring CP-212454, a poorly
agueaus-soluble CCK-B receptor antagonist, as a
candidate into development. ™ However, it was
later established that oxidative degradation of
the compound in the formulation would preclude
it from being developed. As a result, the focus was
shifted toward identifying a more scluble ana-
logue to vield higher exposure in humans from a
conventional oral dosage form.’®

EMERGING MULTIVARIATE OPTIMIZATION

To gvercome some of the pitfalls associated with
the traditional lead identification and optimiza-
tion process, many pharmaceutical companies
have taken steps in the early- to mid-1990s fo
integrate the functions of discovery and develop-
ment scientists.'®*® Development scientists
should ideally become involved in the drug dis-
covery program in the early lead identification
stages and then continue to provide input during
in vitro and in vive optimization. For example, at
Wyeth-Ayerst, discovery teams together with an
early development tear champion the identifica-
tion of a candidate for drug development.'® Inter-
estingly, the development team is present in na-
scent form during discovery stages and assegses
the “readiness” of the molecule for development.
Thig is because within Wyeth-Ayerst it was found
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that the root of a significant portion of early de-
velopment problems and their solutions lies in the
discovery phase, and therefore the importance of
thinking about development during the discovery
phase was recognized. '° Several pharmaceutical
¢ompanies have recently incorporated high-
throughput screens to profile compounds for prop-
erties such as solubility, metabolic stability, per-
meability, P450 inhibition, etc. and have used the
data base to help select improved candidates for
development.'” Dupont has developed a fluores-
cence assay-based automated high-throughput
screen to eliminate highly elecirophilic com-
pounds (propensity to conjugate with glutathione)
which may have undesirable safety or ADME
properties.’® Such preclinical assessment tools
could identify likely early failures in developraent
without spending resources on clinical trials,

As a consequence of combinatorial chemistry
approaches, the number of compounds available
for evaluation has increased dramatically.!%?°
While in the past a chemist could make a few
hundred compounds a year, it is now possible fo
synthesize ~10* compounds per chemist-year.”
Within a given project (pharmacologic target),
these compounds often span a variety of chenwo-
types and each chemotype offers thousands of
compounds. With the arrival of combinatorial
chemistry in pharmaceutical lead optimization,
there are now two routes for proceeding in the
digcovery of new drugs. One route 1s the applica-
tion of automated synthesis to prepare large nunm-
bers of new compounds and then screen avery one
of them for various properties. The other route is
to use a rational drug design approach wherein
the compounds, albeit in large numbers, are syn-
thesized baged on molecular modeling technigues
and iterative structure-based ligand design. ?b2
Although both routes have their pros and cons, it
is suggested that “building in” the appropriate
properties into the molecules at the time of che-
motype selection and lead optimization is critical
even as new taechnologies arve embraced in the
race for new drugs.

In the early stages of a directed discovery ef-
fort, where thousands of compounds are being
screened, it is prudent to obtain estimates
(through computational approaches where pos-
sible) of important biopharmaceutical properties
such as solubility, permeability, potential for me-
tabolism, ete., to provide guidance to the medici-
nal chemist in making strategic decisions about
arriving at preferred chemotypes. %24 At the in
vitre screening stage, it may be useful to egtimate
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relevant developability criteria through medium-
or high-throughput screens, so that the chemist
can steer away from “problematic” chemotypes
while trying to enhance the selectivity and speci-
ficity of the candidates. As the discovery program
advances to the in vive screening stage, the can-
didate field should be narrowed substantially.
More detailed and precise experimental work can
then be initiated on a case-by-case basis so that
the discovery—development team can arrive at a
handful of potential candidates for ultimate selec-
tion for development. The team must ensure that
the decision factors are appropriately weighted
such that essential properties are not weeded out
while the desirable properties are maximized. For
example, for intravenous delivery of a promising
anticancer compound reasonable agqueous solubil-
ity ig desirable but may not be essential since, in
consideration of the potentially great medical
benefil, the development team could consider al-
ternative nonagueous or partially agueous solu-
bilization systems. Larger infusion velumes (of a
maore dilute solution) may alse be considered for
clinical administration, although this may be less
practical in preclinical models. Such “extreme”
forovuilation approaches, however, may be unac-
ceptable when developing a compound foruseina
less dire or partially satisfied medical need, and
thus low aguecus sclubility may be a reason to
reject a compound. What we describe here is thus
a holistic approach to optimization of develop-
ment candidates based on evaluation of mulfiple
variables at various tiers. Similar rational, sys-
tematic approaches are fast emerging within the
industry as a workable means to decrease the
compound attrition rate during drug develop-
ment.

One of the challenges in the new development
process 18 to decide the value of the information
obtained on a series of compounds as a fanction of
time (i.e., the temporal sequence within the dis-
covery pipeline}. At the earliest stages of a discov-
ery program, very little or no bulk drug substance
is available for evaluation. At this stage, com-
pound profiling information may be generated “in
silico” (i.e., derived from molecular structure by
computational algorithms). The quality and util-
ity of such in silico data must be evaluated care-
fully by the prgject feam as many algorithms in-
herently lack precision. Unce the compound is
available, albeit in very small amounts, auto-
mated systems may be developed to generate pro-
filing information in a high-throughput mode. Af-
ter a high-throughput screen, compounds of inter-
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est can be further supplied to allow more precise
measurements of key parameters, where the
value of the data warrants the additional effort.
For example, although fundamental preclinical
PE-PD relationships may be helpful in compound
evaluation, attempts to develop extensive PR-FD
correlation in preclinical models may not often be

justified. This is because the relevance of these

data to the clinical situation ig offen tenuous,
even though reliable PK-PD} data may be ob-
tained in multiple animal models.?® In cases
where the pharmacology of a novel target re-
guires preclinical validation, this may be
achieved by a constant iv. infusion whereby the
plasma levels can be conirolled with reasonable
precision.

As described above, if the shift from traditional
methods to a more holistic approach is imple-
mented, the closer integration of discovery and
development activities affords the opportunity fo
design drug candidates which not only have good
pharmacological properties but also have good
biopharmaceutical properties. Such a multivari-
ate optimization, however, necessarily requires
compromise and judgment calls as to which erite-
ria are critical and how much weight should be
given to each. For example, factors such as po-
tency, solubility, pK,, lipophilicity, metabolic sta-
bility, absorption, excretion, protein binding, and
toxicity affect the performance of a drug intended
for oral admivistration. These factors are inti-
mately linked and any chemical structural nmodi-
fications to modulate one property selectively
may adversely affect one or more of the other key
properties. The concept of multivariate optimiza-
tion, therefore, will not guaraniee success of the
candidate in the clinic, but it should increase the
chances of suecess during development. Addition-
ally, while the optimization strategy will not yield
the “perfect” candidate, several strategic consid-
erations also impinge on development candidate
selection. These considerations include unmet
medical need and patient demographics, global
business/marketing potential, nature of the com-
petition, and inngvativeness/medical break-
through potential. Each of these factors must be
weighed in addition to developability in choosing
drug candidates and in seiting the go/no-go
hurdles for the project.

Identifying the right candidate for develop-
ment may thus be viewed as a balancing act of
finding the “leaders” versus eliminating the “lag-
gards.” In an ideal situation, the lead selection
and optimization process should first eliminate
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the poor compounds and from the remaining pool
of acceptable compounds, the winner compound(s)
should be picked. The criteria should also be set
in such a way that the chances of rejecting a good
compound are minimized.

Clearly, early identification of compounds with
high potential for development requires a mul-
tidisciplinary approach. Table IT lists the devel-
opability properties that may be assessed by the
functional areas at various stages of the discovery
process. Recognition of overlaps between the
functional areas is important and active collabo-
ration is essential for ultimate success.

Even after following a systematic process {o ar-
rive at a developable candidate, compounds with
Labilities from a developability perapective may
still emerge, and the integration of discovery and
development may continue through exploratory
clinical programs as shown in Scheme 1. This
scheme reflects a recent trend in the pharmaceu-
tical industry wherein companies have tested sev-
eral drug candidates in the clinic before selecting
the drug to be fully developed and registered. The
rapid testing of a series of potential drug candi-
dates in humans (Phase VI, in parallel where
possible, 18 employved to validate and feed back
information to preclinical models for subsequent
discovery iterations. The pyrone-based HIV-1 pro-
tease inhibitors (Pharmacia and Upjohn) are a
good example of this type of development.”® The
first-generation pyrone (PNU-96388) and the sec-
ond-generation cyclooctylpyrone (PNLU-103017)
were tested through Phase 1 single- and multiple-
dose clinical trials to gain insight into the human
tolerance, clinical pharmacokinetics, and bio-
pharmaceutical properties of this novel structural
clasg of compounds. On the basis of the informa-
tion gathered, a superior dihydropyrone analog
(PN1J-140690) was subseguently designed which
showed better potency, lower protein bhinding,
greater permeability, and greater metabolic sta-
bility. Such a scheme may be particularly rel-
evant for “first-in-class” coropounds where there
is a higher risk due to absence of prior clinical
information and the therapeutic potential is not
proven in humans. While the company advances
compound(s) which may not be fully optimized
guickly into the clinic to obtain safety and proof-
of-concept, discovery efforts are continued to en-
hance the properties of the drug candidates. The
PR-PD data from the first clinical studies provide
feadback to guide design and selection of superior
candidates. According to this strategy, discovery
does not end when a compound is selected for ini-
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tial clinical evaluation, but continues at least un-
til a candidate enters firll ¢linical eofficacy trials
aimed at product registration.

PREDICTIVE TECHNIGUES

With the recent influx of large numbers of com-
pounds, the future demands increasing use of
computational methods. These include predictive/
compuiational models for physicochemical prop-
erties (solubility, p&,, log /), and more recent em-
phasis on prediction of pharmacokinetic and toxi-
cology profiles. For example, several recent
publications have shown that gquantitative rela-
tionships using M log P, H bonding, pelarity, and
a molecular size deseriptor may be used to predict
permeability across physiological barriers with
reasonable success.?  QSAR models have also
been developed to predict potential for eye irrita-
tion on the basis of aqueocus solubility of the irri-
tant and its strength of binding to the owicus
membrane.®!

Various comamercial interests are currently en-
gaged in development of models to predict meo-
lecular attributes including permeability and
other ADME properties. Typically, these employ a
“training set” of data to regress mwelecular prop-
erties against various structural descripiors, e.g.,
molecular surface area calculations. The predic-
tive power of such models depends on the size and
diversity of the training set and on the extent of
extrapolation which may be attempted. At this
point, although properties might be predicted for
conceptualized structures, the seientist must still
do the conceptualizing. As this fleld advances,
machine-learning might be coupled to such mod-
els, whereby the model could he gueried to sug-
gest structural modifications to shift properties in
the desired direction.

In a recent seminar at Bristel-Myers Squibb,
Dr. Michael Wise (Pemibroke College, Cambridge
University) discussed simulation of metabolie
pathways by in silico biochemistry.®™ Current
state-of-the-art computational approaches do not
scale well (i.e., it becomes disproportionately
harder to simulate larger-pathway systems) and
cannct reliably model non-steady-state hehavior,
especially highly nonlinear systems such as cas-
cades, Dr, Wise described a data flow computa-
tional approach which models metabolic pro-
cesses as a network of reactions occurring at
physiclogically relevant concentrations. For ex-
ample, direction of a reaction depends on the rela-
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Scheme 1. Integration of drug discovery and devel-
opment. Discovery, Non-clinical Development and
Clinical Development collaborate to identify com-
pound(s) with high probability of successful registra-
tion and commercialization. Pathways A and B are con-
ducted in parallel to guide selection of the next genera-
tion of candidates (pathway C), should they be needed.

tive concentration of reactants (based on K ) and
relative affinities of the enzyme for the competing
reactants {(modeled by relative /K | values). The
flux through a pathway is therefore the sum of
the fluxes through the chains of reactions. Dr.
Wise commented that this “black box” approach to
enzyme reactions is novel and will take about 5
years to be fully implemented. A preliminary ver-
sion of the system, lacking much of the final fune-
tionality but illustrating the ideas, has been pub-
lished. ™

In addition to in silico methods, several high
throughput in vitre methods have been developed
to estimate ADME properties in both humans and
animals. ™ Examples include Caco-2 permeability
studies to study transport mechanism, metabo-
lism studies with the common cytochrome P450
igozymes to determine susceptibility and identify
metabolites by LO/MS, and ELISA-based assays
for studying cytochrome P450 induction potential,
LO/MS is rapidly becoming the analytical tool of
choice during metabolism studies because in ad-
dition to being highly selective and sensitive, the
method can accelerate in vitre screening proce-
dures significantly. Additional advantages of us-
ing such in vitro methods are that they require
limited amounts of material, are amenable to
moderate/high throughput, do not suffer from in-
ter-animal variability, and provide an opportu-
nity for parallel optimization of potency and bio-
availability. A recent example illustrated the use
of in vitro intestinal tissues and Caco-2 cell mod-
els and in vive intraduodenal/intraportal models
in the design of orally active endothelin receptor
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antagonists. With these ADME models, a struc-
ture—transport relationship was established, en-
abling the design and identification of an orally
active compound.®®

In vivo ADME screening of compounds increas-
ingly involves so-called cassette dosing where
multiple compounds are mized, dosed simulta-
neously, and the plasma samples are analyzed for
individual compounds.® While such a method can
provide preclinical data rapidly on multiple com-
pounds, some caution must be exercised due fo
the possibility of misleading data as a result of
drug—drug interactions. For example, an interest-
ing situation arcse in Glaxo-Wellcome during cas-
sette dosing of a group of compounds known to
have dose-dependent pharmacokinetics in rats.
One of these compounds had an apparent oral bio-
availability of >300% when the oral dosing cas-
sette data were compared to the corresponding
intraveneous cassette data, When dosed singly, the
oral bicavailability was <10%. Saturation of
clearance by first-pass metabolism was hypoth-
esized as the reason for this observation when
cassette dosing was employed.”® Plasma pooling
and continuous withdrawal of samples are other
technigues used as fast screening tools for discov-
ery candidates.®® In plasma pooling, the volume of
the sample is selected to represent the corre-
sponding sampling interval, and time-averaged
concentrations are used to determine AUC.3" This
method can often provide PK data in close agree-
ment with more labor- and time-intensive tradi-
tional methods. ™

Besides predictive ADME capability, the other
area of greatest need is the ability to predict the
toxicological profile of compounds during lead se-
lection. The current GLP methods rely primarily
on animal data and are sequential and resource-
intensive. Ag in the other functional areas, the
trend is foward earlier prediction or detection of
potential toxicological liabilities by in silico and
moderate-throughput in vitro screens, respec-
tively, The latter are designed to detect potential
for mutagenesis, teratogenesis, carcinogenesis,
and specific organ foxicities. However, it is still
unclear if these in vitre models will be usable in a
high-throughput mode. Other current efforts are
aimed at mechanigtic understanding of toxicity at
the molecular level by conducting studies with he-
patocytes, Hver slices and/or microsomes, and 8¢~
lated proteins with specific experimental end-
points. One example of g predictive toxicology
model arose during the discovery of PNU-
101033E, a compound for asthma, where cccur-
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rence of phospholipidosis was correlated to gall
bladder toxicity in several lab species.®™ An in
vitro phospholipidosis agsay was subsequently de-
veloped and was used in a moderate throughput
screen to arrive at potential leads, one of which is
now in clinical trials 3¢

A FUTURISTIC VIEW

Recently, PriceWaterhouseCoopers (PW(C) as-
serted that the pressure for resources and greater
competition for patients will corapel the pharma-
ceutical industry to substantially truncate the
clinical trials process and radically change phar-
maceutical R & D.° They speculate that emerging
technigues such as single-cell differential gene
expresgion and target searches will enable the in-
dusiry to identify targets with the ideal physi-
ological and pathological characteristics. Armed
with these leads, companies may someday be able
to perform in silico clinical trials based on com-
puter models that test for human safety, efficacy,
and drug-drug interactions. Although admittedly
the regulatory agencies may not accept such evi-
dence for some time, the authors of the PWC re-
port” suggest that in the future the industry may
be able to go from test tube directly to human
efficacy trials.

IMPLICATIONS FOR TRAINING AND SKILL
SETS OF DEVELOPMENT SCIENTISTS

Given the complex, multidisciplinary approach to
lead candidate selection and optimization, the
training and skill sets of development scientists
can have a significant impaet on their effective-
ness at the discovery-development interface. As
much as it is important to pick winner develop-
ment candidates, it is equally important to train
winner scientists in the collaborative discovery—
development arena. The development scilentists
should of course be experts in their fields and he
able to set the critical developability ecriteria in
their area of expertise. Additionally, they should
be familiar with the language and problem-
solving approaches of the other areas and be able
to communicate effectively with the synthetic or-
ganic chemists, biclogists, and other discovery-
related disciplines. Developing an understanding
of the role of informatics, combinatorial chemistry
and high-throughput fechnigques with special re-
gard to automation and miniaturization is criti-
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cal. The development scientist should also have a
fundamental understanding of the overall discov-
ery process including genomics, target selection,
screening to identify “hits” and leads, and finally,
the candidate selection and optimization process.

All of this requires the development scientist to
have multidisciplinary training along with the
ability to think critically, to solve scientific prob-
lems, and to communicate effectively. A pharma-
ceutical scientist involved in the drug discovery
process should be able to inferface with the chem-
ists and provide input on relevant hiopharmaceu-
tical properties. He/she has to have a sound back-
ground in physical and organic chemistry to pre-
dict/determine and alter properties such asg
soluhility, chemical stability, pK, and to examine
the potential to prepare suitable prodrugs. He/she
should also be able to interface with the pharma-
coliineticist fo understand the issues associated
with bieavailability, distribution, and elimination
and to understand the physiclogical barriers to
absorption at the cellular level. The pharmaceu-
tical scientist should of course be able to conduet
preformulation studies {(physical profiling, chemi-
cal form selection, ete.) and prepare suitable pro-
totype formulations for in vitro/in vivo testing.
The breadth of background required fo function
effectively at the discovery-development inter-
face poses significant challenges to universities in
developing their graduate curricula, especially
when combined with the more traditional areas of
training in pharmaceutical technology and manu-
facturing operations. Oune result may be more spe-
cialization, either as a sirategic choice of the par-
ticular college and faculty, or if offered as differ-
ent curriculum “concentrations.” Students or
recent graduates might also gain valuable expe-
rience through industrial internships and/or fo-
cused on-the-job training, Certainly universities
must balance breadth of expertise with depth to
prepare well-rounded scientists for the pharma-
ceutical industry.

SUMMARY AND CONCLUSIONS

The R & D process for bringing new drugs from
the discovery laboratories to the marketplace is
undergoing significant and rapid chaonge. Change
i5 demanded by the realities of the global phar-
maceutical marketplace and is enabled by power-
ful new technologies. One consequence of the new
R & D paradigm is a blurring of the traditional
discovery—development interface, which in turn
impacts the traditional roles of discovery and de-



velopment scientists. The future will likely de-
pend on achieving the proper balance between the
quantity of candidates brought into development
and their quality as influenced by early consider-
ation of development criteria along with receptor-
bhased potency and specificity. Early use of com-
putational approaches followed by high through-
put experimental determinations may becone the
norm as best practices are adopied to improve the
chances of successful preclinical and clinical de-
velopment. Although traditional clinical trials
will continue to be conduected and are unlikely to
be replaced by “virtual bodies” or in silico clinical
trials for some years, in the near term research-
based pharmaceutical companies musi continue
to expand and refine computational approaches to
preclinical compound assessment and must man-
age the resulting data bases officiently. If devel-
opability criteria are considered at the fime of
lead selection and optimization, the compound at-
trition rate during clinical development should be
decreased from the historical norm. Development
seientists play a critical role in ensuring that this
cecurs and is managed appropriately in develop-
ment candidate selection. Interestingly, as the re-
search-based pharmaceutical companies are mov-
ing towards more rapid and efficient R & D pro-
cesses, the 1S, FDA has also responded to these
increased pressures through several initiatives
recognizing that “neither FDA nor industry can
change unilaterally.” It is hoped that the ani-
versities are also attentive {o these ongoing
changes and are adapting their curricola to meet
the future demand for pharmaceutical scientists
with appropriately broadened perspectives and
skill sets,
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foation sirategios depends pu the chomisal
strusture of the lead componnd and, o 8
seriain oxtent, on the phasusonlogic saion
fo e stalied,

Soprdrd hy ey Seidad L

788

¥ oof the steategies of analog design s
well a5 subsequent decicions concerning
farpet compounds o be seuthesized wan be
Sactfiated by computesassisted molsoniar
madeling wechaigues, which may give the

stereoshemient, andt eleptrenls implisations
of the proposed molesstar madifioation,

I BRMBGRTRRI REPLACEMENT

The concept of bicieogioriam derives from
the ohservation that cortaln physical prope
srtins of chemically differeny sebatances
fe.g. carbon manokide and sitrogey and
hetene and azomethaned ave suikiagly
sirniine {13 These simiarities were ratonad
izod o the bads thar cathon monosise and
slomental pitrogen cueh have 34 orbil
slecirons, sed dmifarly, diwomethane and
hetene oach have 22 orbitad clecswons
Medicinal choxgias. have sxpaaded sag
adupted tieoriginal condept to the aaalyss
of biofogical activity. The following dofials
on has been provided: "Biolsosteores ave
groapy or molecules which have chomital
srd physiost propeetiss producing braadly
similar hivlogical proprrties” {2}, This defi-
mition wight be sspanded 1o nchude the
concept that hicdsostens may produce ap
posite Mological offects, ard these effects
s freguenstly § reBection of sume woika
o the same phyvologival process ot &t the
RS feoepmor site, Biotsostoric dnilariy of
molerulos i commuonly assigned on the
bats of the suraber of valence glegtenns of
weaem oy § group of stoms rather thn o
the aumbey of intal arbital elecirons, ws
was originsliy sperified by Langmuin. I g
remarkable numbsr of insances, wom-
pounds vesult that have similar {or even
dametrically oppodse) phavmascalogic of
fects w the parent compound. The signif-
cunl concet iy Bwe the binisosteres see
affecting, fn some foshiow, the same Y-
cepiny site or pharmasoigical swvehanion.

@ T e 0TH GRS (G
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Categories of clasain fsocteres have boen
itestented {3} {Table 1913
Dihydromusciol § and thiomuscimel &
e wyolic analogs of v-amisobntyric acid
JLABAY in which the CN molety of the
heerooychie deg s biviomody with the
L0 of GARA, In addition; the -8 mviety
of thiamuscimad is bolsostaris with the ring
L6 of diivdromuncirol. Botk strectumes
{3} and {3} sre Nighly potent aporists &
GARA-& reweprors {31 A classie bisiws-

Anglog Dusigm

e ceplacemont stady was repoviad for s

methosyistoalipdeopyesn-derived  inbibitey
{3} of SHpoxygenase {4} (Tedle .2
None of the fsogtenie moplecormenty was a3
potent a5 the lead vompound (33 Now
aver, the this ostere (8] spproaches e
oxygen compossd {4] I potesy, and

Toble 1.2 Indivgen of SLipogypannse

OH OH
—~ <
g 3 oy
\ : /R N
oy PR XY 1{\ ; ,
vx"i’\ﬁxk N s"f& . ,
Blovcturs Z 0 {abi}
us ) 4 Q el
{53 8 4 -
. {43 8, 38
o 1 QoG 34
Ead ; 8 30 4.2
. o i 50, w5
{1 NOH, »80
i3 B -
Foble %3 Slobosterk tong and rnups
$. Lnivaten:
“F OH WNH,  -OH, -0
~&¥ PR
~3 LK,
~Hy T Hy
. Shealews
w3 g g L~ i
COGR LOAR COCHR DONHER
3. Fervaleny
wiNx v = ¥
~Ps Ay
2. uadcivalen: ; ;
_.{{j;.‘ wz;,‘g“
3. Bing equivalens ;
= ~8w {e.g., bunvenc-thinphens)
o Mo {gcbonrens-pyridine}
~ B wCH N
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1 Bivhseric Repleovment

sulequent studies may roveal ity advane
teges of the sulfur compound @ 2
sherapntic sgent candidaie.

Begsuse of ity bichmsteriv similarity to
the normsd subsrale t-dops {33} o
mimesing (13} inbibits the engyme heosin-
sse {5). These componmds exemplify »
sitastivn in which hisisostores display ope
posite pharmscolvging offects a8 the same
regepior.

$yN o £ o
O ﬁgﬂm’-éma‘
oo

ne TEEN

The sulfontm bostere (333 of N N
methyidopsmine {34} retelms the
doparninergic aponist offess displayed by
structurs (14} {8}

The facr that stevetuee {23) besss 8 pos
manent unit poshive charge was isvoled
i support of she bhypothesls ha S
pheasibylamines swch 89 strusiwee {§4)
imerant with the dopamioe weepterds) in
thar protonated {catiouic} form,

Biobsosteric  replacement stemtepy  has

{13

&Y

{34}

boen fnaitful in design of wiewclic antide-
prossents, using the dibenszeging deviva
Bve dmipramine (18] as the fead.

The steuctural similarity between imi
praming {15} snd the phenothiasine anih
pyshedics fiypified by ohlorpromazine
$383 5 apparent. Although Hese two
binisosteric moleculns dave different phas-
macoiogical uses and lkely have Sifferent

- mechunism and sites of action in the contryl

nervess sysiem {7, they share the gropeny
of belng puchoirogis sgems. In e ant-
deprassant didenzotyciobeptens derivative
amigriptyhine {87}, e rng witrogen of
anipramine s replacsd by an esooyelic
clefinie woiqy. Demexiptiine {18}, dox-
epis {I%), and durhispin (38) represont
oiher Bolsesterie modifications of fmipra-
aine that possess smidepressent activity
{8y

White the stvmtegy of binisosteric re
placement muy be & powerfal and highly
poaductive ool in ssalog design, Thorber
{3} has scowphesized that  Sundamental
chemical and physical chemical changes will
resull frean this molecnler wmodifiestion,
which may in themselves profoundiy affen
the phanmacolegical actinn of the resulting
maiecnies. Possible medificasions include
change tu size of the stom invelved i the
binisosteric replacesent, change @ the
shape of the subatituied group and possible
resulting change in the shepe of the entiee
molecsle, diffessaces in bood  eaghes,
shange in gertition coeffivicst, change in
P&, of the molpenly; shieration of Swemical
eactivity aad chemicel stability of the

Supnies By o Boveh Lidrgny 31 Jon B0TE, G945 (38T}
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molecule with accompanying sheration of
the nature of iy wive metabolism of ihe
wolecule, wnd change in hndrogen bending
capacily. The sffect and phasmacological
signifivance of many of thew parImeteny
are unpradictable sod must by determined
sxprrimentally,

3 RIGID ANALOGE

Iposition of some degres of malecnle
vigidiey into & Noxible crgasic moloculs {by
incorporation of cloments of the fexible
molecule into 3 gl ring syqem or by

{3

iniroduetion of 3 carbon-carbon doebls or
iriple bowd) may result in potest, bivlogh
cafly sctive agents that show 2 Sigher
degeee of specifitlly of pharmseciogicsl
eifert, There are two posaible sdvantages
s teshniges {6 the theeedimensionsd
gramelry of fhe pharmacopbose oag be
determined and the key functiona! groups
are held in one pogision, or o the sase of &
sembtighd wracture, these gooups are eone
steained 10 2 Hmited range of sterie disposi-
fions and intermiomic divtances. By the
ngid analog strategy, B & possible 10 ap-
proximate “fozen” spenific wonlermationg
of & floxible lead muoleculs, which mBY

Hgnted by fe Soleh Lidrary 91 gan Z0TE, ORSE (0T
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provide enbanced pharmacological effeat
sud sray ashia in defining and underaand-
ing stracture—activity parametars. Comput
er-based moleenlsr modsling has been
shown 10 by 3 useful ool in desipning rigid
spabags,

The somivigid tetilio congensrs {35, I3}
of N N-dimethyidopomine {§4) ropresent
differsrt sotameric conformations of the
avematic ring of dopamine as the seomatic
fing relstes o the eibylamise side chaln
when the ring sad the side chale wee
coplansr.  Srpcioml constrains of the
tetralin ring system impose ihie restricted
eomeiry on the dopaming mojoty, Cone
pounds {23} and {22} dupley differamt
specira of effects st different subpopuda.
ooy of dopaming recegroay {103 whick
fhaly reflect diffceen conformstivas as
swaed by the fexible dopammme molecule
ar U3 various dn wiee s@ies of action.

REE ]

Hesrivtion of conformativnsl freedom
of the acyl molety in 4DAMP {33 Gn
antimuseavinic corspennd displaying higher
affinity af fleal M, sceyyicholine revepton
thigrs ot wirial M oeceptors) was hmposed by
the stracture of the spiro-compound (34}
{11).

Spiro-DAMP (34 was siightly more potent
at M, muscarinic sscepions than at My
recepiare. it was proposed that the geoms-
foy of the spirp-molponie might teflant the
weepios-bound conformation of ADAMP
{23 this condoeraion differs from thay
cherrved in the orystal strueinee of 4
DAMP

poation of rigidiny into te giperiding
sing of mepesidine {38} by intraduction of &
methylens proup betwesn cavhons 3 and §
resvfed i the epimerd {38} and {3V}
frozen conformations of meperidine {12},

Supptad dy (o Srivh Londry 11 ian 20NE, 0R45 {GMT



Bomer {27} wes sy ey @ potent s
isorer {28}, and B was wise ay potes 35
meperidine il

Incarposativn of the choline portion of
the neurotosnemitiers acetyicholine {381 o
a gyclopropang ring system resuhed in Gy
and trang- 1 2edioubstionted moleosins {39},
{38} s which the scetyichaline molecule i
frozen o folded (Mrispid™y and sxiended
iransoid™ Y conforaatians,

i >
Ot om e £~ €35 RR

o)) {35

Qrovvon e €3y

’ff@isﬁ

33

Aasiey Besign

The (18}, (28){+ ptranw-bomer {30} was
somewhal more potent than anstvicholine
itsel] B aseuys for muscurinic agonism {14}
srad 3 owas sn esoollent subsizste for
acgiyicholinosterass. The {2 uivdsomey
{29} was simost non 3t musosvini asd
HEoHAR roepton and was @ poor subsivate
For avetyfcholinesterase. These dats wee
takes 8% evidespe  that  the  fexibis
seetylcholine molecnle ntersels with mus
cavinlc raoepiong in 3n gxisnded geometsy
of the chain of atoms {18} Wien this
seominigid saadog strategy Tor asstyicholing
was applied 1w & oplchuans ring sysiom
frompound {31}, thers wes & markes Joss
of phetmacologiond effect {13). This result
is pnigmatic; differcnces in interatomic dis-
fapoes and bond angles i the phan
matophonc moiety as wall ax dilferences in
the amoenm of exiranecus wmnlcculsr bulk
seemw  insufficient o account for the
dearnatic differsnee v pharmscologios
potencies botwson the theee- and the four
sembered dng systems,

The cyclopropane ding has been om-
ployesd jo lepart 2 degree of rigidity to the
side chaln of dopamisy [strusweres (33},
(3] (183

Nedther  womey  displaved  affeas &
dogamine feceplors, but both were sead
renoneplor sgonists, wigh thee {2 eans-iso-
mer {33} spproximately Bve Umes more
potent than {Sdeiciomer (33). b ke
been suggenied (17} that these fndings are
significant i solving the problem of the

Soprtied iy e Sh Cbary 11 dan 2010, 5248 M



4 Homelegraiton of &8yl Cheln

pmfasrmd conformution of F-phensihyd
amines at 1he s-adrenoseptor.

The 8 -pheavlethannlamine motety was
inporporsted Buw the wens-decaby . ring
system (M) and the racemic sodificadons
of sl four possible isomens woss papared
as significant frozen conformations of the
Soxible norepinephaing, malecule (18} AR
four oompounds displayed approxinmie
B sgusl fextremely  fow) potency, The
achizvement of conformational niegsity by
woorporation of » Sexibde pharmecsophore
e & bulky, somples moleculs may be ot
the expense of biological activity,,

i

4 HOMOLOGATION OF ALEYL
CHAIN OR ALTERATION OF CHall
BRANCHING, CHANGES IV RING
SIEE, AND RING Fﬁ)ﬁsi’ﬁ‘i&?@ ROMERS

Change in the sise or hrezmhﬂg of 3 alley!
chaln on 8 Moactive seoleenlc may have a
profound {and sometioes wepredicnatip)
sffect’ on phystes! end pharmseciogioe
progortivg. An incsase o the cumber of
carbons v & chale mey signifosnsly s
cresse the bpophilio charamer of the mole.
sufe and change the partition soefficient,
which may b reflscted in the Molngy of ihe
compopnd: alieration of sbsorptics, tram.
port, ‘gad exeserion propeviies. Adoration
of the sre andfor shepe of 3 albyl sub-
stituen san sffect the conformationsd ;m;f«»
srence of 8 Rextble molecule and may alter
thee spatint redetivashipe of the compontmia

Sugind By ¥

Livrry 18 dany 2

FEL

of the phasmscophars, wiich may beres
Hected in the wbility of the mobwwle W
arddesd complimodinity with i rocoptey
or with the catalytic surfsee of & metabolin
ing emayme, The alld peoup el muy
represent v hiding wie with the revtptor
{via hpdeophobic intoracsions), snd alines-
fdon of the chain mey sler i binding
sepaciy. Corvoreely, Sxionsiin of an alhyd
chain. or brasching of § may isroduce

sufficiont extransous bull int the moleculs |

o inverfene with #a optimal interaoton with
the sogopior or with menholzag sneymes.
Poxition bomers of substituents {oven skl
gmws‘s o8 &mms:éu ringﬁ may ;}mte;sfs
i
aﬁsﬁ;ﬁszm m thesf a%);*s g» L) am‘f aixxtm

distribution I8 an sromatic ring system,

position {somers may differ s their oom-
PUmsmanty {0 fr sive oeoeptars, sl 8
substituent posttionon 3 ting may influsree
the spatial conupansy of the siog system

with rospest 1o the somaindor of 3 Daa
formationslly  verishde molonde, What
somesémtss hus beow friviglized and dendpe
ated an “wethyl gronp roulewre™ may
“t‘ﬁ be an imporian pyovmster o the
dawign of ansdops.

Hama&“}gasmn of the Nl chain-in
nammﬁwrp}zéne 38 from medyl {363
gthyl {;%?" o nepropyt {(38Y peoduced i
cransgs M emetic sction dv dogs sad in

{35 Bk

OB Rue 0¥,
{38 B CHy 39 Rog Oy

03 K= Oy

ring

.,
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SRISCUPY teapomses in mdents {18,200
The bomolog, a-butyl (38} demonstested a
tremondous foae in polescy and aivity
sompared with the fower homologe (30}
Stadies of A N- Sialhyloted dopasines
{40 b-{43} wmi&d that combinations of
alkyl proups may impart & high degres of
doparming agonist effosts {214

g3

{48) B R = B,
(41} R B o O,
{43 Ro= o, B = aQH,

§33} B o B e nl 3,

Thug, N N-dimubhyvidopsmine {48} s ox-
wemely polsnt @n cerealn sssays  for

Assaleg Deslgn

dopamnnorgic sgoniswm, and &N dba-pox
pyidopaming (41) (32 and Nv-propylie
a-buryidopaming {82} 2%} sre potem
doparsinergic agoniss, whereas N A
butyidopamine {43) 15 ineyy {331 {1 seems
likaly that the echanced dopaminergic
agonisy alfenis conforred by Asthyl snd
#-gropyt groups on aporphine and g-phen-
sthylamine-derived molectles ave ot ve
iated merely to cnhanced lipophilic charsey
Wy oy to panitivaing phesomena, bt
rather to the Hiclbood that the 3 anmd
Jocarbun chains have 3 positive sifinity for
subsiios on cortain dopamine receplans.
These recepior subsites do ant accommo-
date fonger chains {e.2., a-bubyi}

The alkyl hnker bmtwesn the iwe
hetemeyelio xing systems v sompound {44}
was modified 1 studies of the ability of
anafogs o bind to the cholerysiokinin-B
racepior {38} When ihiv Heldog grong was
sthylens (45}, cayremely poicar seceplor
binding resulied. Introductivg of carbon~
carban nasemeeation o e Hoker (363
vesuited in @ IG-Rd decrase I bisding
ability; shis suggests 2 d@kﬁmam effect of
sonformational rosteiction and Rritation of
moderaiar fexibifity on bicdopicsl scthvity,
Branching of the Baker chaly with a meshyl

o7 ﬁu&mwﬁﬁw.
{48 ma/—ﬁs
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¢ Humologeiion of &kt Dhain

group adiscent 10 the guinaxclinehs ring
{47} produced 3 350l dserosse v Binds
dg poteney. Hosever, chals beascbisg
with 2 methyl group in the altersaie posh
was on the dimethylene chain producsd a
sompound ($8) whose potensy was of the
ssme trder of magnitode as e pntremely
potont fead compound {35} The oxpanes-
tial difforsnee o receptor binding abdlity
exlibited by he two humerivbeanhed
chairvhaker compound {47) and {48} wss
ascrsbed (0 unfaverable Qoric interactions
hotwern the recepior snd he Baker mcthyl
groug of strasture 4F {28). Bomers such &
srgetures {37 sad (48] may gonoewis
usefl  computergenerated moleculer
modeling deta with rospect to the prefened
sonformation of thy lgand for optimpm

resspior ateraction and the definition of

receptor inpography.

A stedy {25} of {phosplonomathors}
cthylgnamidines  (88)-{83) oy ssdiviral
speats roveaded that brasching of the stiyd
ene chai by indroduction of & methyl at
pinsition 17{51) diminished angdvirat activiey
r-fold and diminished joxioity  $8fold
sorapared to the snmethylaied systom (881,

.{.-' I P 8
O ?\»4 i ;f"L\ e

% NHy
D oo B, B L\
ST YT
R i
§
(BN Rl wl

RN 3R« Oy
S RN T R
PR R M R gere <1 T3
In contrast, (K380 e Iamethyl

congener, exfibited only ¢ S-old devvease
in antivisal poteney 38 oompared 16 oM

A

pousd (85), buy it wlso cxhibited 3 3%-Jolg
Jeseening of toniciry to-provide a substantist
pound {49}, The 20, Z.gemedimethyd
congengy {323 wus sompwhet lesy potost
s the  (Rpooosomethyl sompossd
{88} and wys markedly more ozl The
(83 Pmethyl anabog (3 exbibited ¢ o
cidedly Tower therspentic ratie thes e (R}
shantiomer, demonsirating pharmacniogh
ol diffosenos betwssn slereaizomers.

Closaly reluied v the slieratisn of chain
izngth sndfor brenching B alecation of
sng size. & methoxyietrabivdeofuran de-
rivative {83} {Table 103} showed activity
vy un inkibitor of Mipozypenase {4} The
siee of the oxygen-cdmaining g s well &
the position of the osygen momber with
respeet to the methory and and subs
stvents was varied, as shown i Table
19,3 The (sevenmemberad} pxepane ring
dorivagive {88} swd the {bramemberad
wirghedropyren. nag derbvative {89}
showed enhanosd potoncy vy the ebs.
hydrofuran fead compound 33

in o senos of arylselfonumidophrasthin
clamines (88) {26), devivatives bearing the
sulfonamido group me ¢ the sthanol
svine side chaln displayed propestics of 2
Beadeonooepior pastial agownial, wharess
those beatng the sulfonamide grong o the
s position wave Sosnagonists. {36

o ﬁ
m‘j““mg’ﬂ'\\
]

L.

89

The phenalic. groug of sexotonia (8
wak dncorporaied inte & pyran ring (98}
{373, whish reprosente 2 by selsfioem
8t position 4 of the indele ring sysem.

% Ty e Britinh Librry 13 ein 5018, 0UAS IOWTY



Anatog Design

Table 103 Inhildtion of Lipoayprasse

RN
e { Cﬁz i
8.0
3 img;’"
Steusture i ” e LM}
{833 i 2 @3
{s) i ¥ 35
(58} 1 3 L7
{563 i 3 25
{875 2 2 897
{53 2 3 22
U~ CHy g

a mr“-mi;‘.m;

33

This analog lost serotonin-fike sfflnity for
SHT, roceptars, bet it is potent snd seloe
tve for S-HT, recopions, The low aifinity
for 5-HT, receprors was rationatized, ia
pact, on the basis of sterie Imerferenes
between the difpdropyrun ring und the

sainoetdyd side chain which inhibits the
teypiamine systany froms  amsuening the
folded “srgot slkalniddike™ conformation,
at Hiestrased i strnctors {823, which prab.
ably approximates the sonfvrmation of
seroionin st SHY, receptors.
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§ Altrration of Sereadseistey and Dedlpn of Nereoisamers wnd Tonmately Bivmers R

F ALTERATION OF
STEREQUHEMIBTRY AND DRSIGN OF
STERBAHEGRMERS AN GROMETRIC
ISOMERS

The carliey, abuost usiverssily ascepied,
ppdnion that, i the wse of chiral moleonies
oy snantiomer wonld e sxpested w dens
ansteste phevmavological activity and the
ather enantiomer should be expected  be
pharmacologicaliy iner s ot valid, lrwea
be antidipsied thai aff stereoisomens of an
organic melwculs will exbhibit feguently
widely different and papradictable pharms-
slngloat effears,

{23303 Hydrogyphawl) - Non-proe
ipdperidine {U3PPRHE} s tescribed
{38} az having highly seloctbve astion 3t
sSupandnergie astorscepin.

WA

{\ 1 %%«"»f‘ﬁ"{\\ 34
o

!

Calfge s

L

ThiS racemate was resclved (3], At Bigh
doses the (R }easntiomer sslectively st
faied progpraptic doperdnesgic roweptor
siteg, widle st lower doses, # selestively
stnulated postsynaptic recepinr sites. In
contrast, e {(Flonamiomer  stivuiated
prosyneptic dopamine receptors and at the
same dose fovel, ¥ blocked posteynaptip
dopardne recepives, Thes this ensntiomer
exhibin & bitunctions! mode of dopamines-
gic sttenvation, that of presynageic agomiem
and postynaptic astagonism, The pharas:
cedogivel effecty of the raverds modification
ave the gum totel of thecomplex aotivities
of the twn snantivmens, aad the ohserved
phermacoiopy of racemis 3-PPP is ot gn
accurate sefection of te pharmascingiesd

potential of ibe individus! soantiomaers,
Phanmecokogical testing of only 8 moomic
modification & indegute and may
aisieading.

$RY - (=) - 1+ Hydrony - 10 - methylapor
phine {64} is & highly scloouve seratencrgio
EHT,  sgonist {36}

¥t i

4

L

Romarkably, the (F1-ensntiomer {65} i a
potent antagonint st this same sebpopulse
ton of serotonis recoptors {31 The pher
osomenos of soantiomsrs whick possess
apgesite effects {agonist-anngonist) st the
SRETHE SUCTPIOE, Grow considered o b g
trarmely shon, hes reveatly been aoted mare
oftex, probably dug to e incressing vetog
mitton by chemiStv and pharmasedogiies tha
each member of an cnantivmerdc pair may
RosaRas iy v wnique and vopredicteble
phasmsosiogy.

o addiven v sercochumisiy show #
carvon cumier, other potentally chiral
atoms offer possibilities for pharmacelogl-
cal significance. A gasteoprokingtic com-
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ponad {88) with sercianergic setivity heses
2 ohirad anlfoxide molety {32). The easntior
mers are equipatent, tot the $hisomes
demumitiates @ greater hurinsic activity
than the (R}

Nf(h&
o f \Caﬁs
P é o
N, "
A .
Y
THy
f

ol and trans-d-Ainccrotonin acids {7,
{88} were pavpared {33} as congeners of
y-Asminchunynic acis {GABA) {1

= Npoon

Ny
&7 o8y
:
si:mE :E,xg oK
Ny Nty
i {35}

The folded civ-isomer {(87) way inest in
assnys for GABA agonism, whereas the
extended sans-isomer {88} was sctive,
These datx demonstrate Biologicyd differ
sness of geomeinie fuemers, whish it fum
jnvnlve yet swother structaral parameter:
imposition of 3 degee of structural Agidiy
upon the molessle. & parsiisd sEreiegy 1o

Anatep Dedgn

the arftans GABA congeners (67) and
{88} sddrewsed o pwud frwned Bdisubngs
wted exdlopropane derlvatives {69) and
{38} whose refative offerts 3t GABA re
ceptors paralioled those of e olefinic
denvanives {341,

Hexestrod {73}, the satusated oongener
af dierhylsibensel (733, &5 the muse-fonm
of e moleculs. ¥ bay e greatest e
Ungesic poteacy of the three possibly
sterevisomers {383 In  disthyhuilhesteat
{33}, she Boisomar {traagd, has 10 times thy
svtrogenie patensy of the Eeisamer s}
this effect has besn rationalized hocsuse
the E-geomfoic isomer s an apen chain
aniog of the snwuesl sstrogen estradiol
{73} {36} In diencsteol {4), the geometsc
omerimn possible with olefinic moleties
has been invoked o achiese a similar kind
of ppen cheis swdogy 1o the steroid ring
system as in dicthyistitbestral, and ¢ high
fevel of entrogenic astivity resuits.

Suppter by e Batat Lismey 1 Jon 2013, 0848 (G



& Fragments of thx Lesd Molerule

§ FRAGMENTS OF THE LEAD
MOLECULE

Regign of fragments of 2 Jead molecude i
based on the promise that lead molecules,
especially polysyclic nature! products, may
by more structunslly complex then is asees.
sary for optimal phermasologic effect
Buded within the steucture of suck g load
compovid 35 8 pharmacaphoris molety
that, # i ces be cdewly definsd, may

TIE

“digsested oat” to sesult in 2 Diclogleally
getive, simpler moleculs thal mav iself be
used o8 & foad in further aoslog design. A
bond gisconnection Mrstegy may he eme
ployed, i which bonds v the chemical
stxnctere ate Sroken or removed o destvoy
ane Of more of the risgs, The result may be
& valable drog thas B mors accessidle
{shrough vhemicat spnthesis) thay the arigh
nal fvad molecule. & disadvaniage © s
stentegy of drug design f that groater
fexibifny sy be introdesed o 8 rigd
molernie, snd the conformationa integrity
of the pharmasophore that may have -
istedt i the prigival lead mulesle i come
promised oy o, sometimies 3t the axpanse
of acthvity/poreacy. Therse sy be & similar
desteuction of chival senters, whish may be
undegiiabls. ) .

Mosphine (78} can be cind w5 2 lead
muotecule o dHusteate fragment anvlog de-

sige,

: e {H; N e Oy

Leic] Lei
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The anslgestic gharmscophors of morphine
s been defined (37) a2 the basle nitvogan,
an aropatic rng {the VAT ) twes
sarbon stoms removnd from the nliroges,
snd & yssternary carhon adjacent 1o the
swomatic dag, which provides 2 vegion of
moleculer bulk (37} & boad dissvansction
strategy favolved disraption of the hydeo
furan fing fo give rise 1o morphioan ring
derdvatives, e, levorphanol {36}, whoss
pharmacelogival  effects  dlosely  paraiist
thise of smorphine (38}, Furtber simplifios.
dos of the morphine xing system Iod o
benzomorphan  derfvatives, ypilied W
mennoring {774 in which morphing Hke
narcotic sialgesic aativity is rotained. Fingh

Anslog Peslge

iy, 4phenyipigaridine dechvatives ypificd
by meperidine (38} sad the woncyelis sye
tems methadons (79} present the puiative
sasigesic plarmacophore with g ssontdagly
menimal pumber of extoansous atoms.
These dimple conpounds sotaln warcetic
snalgesic activity. 1 must be soted, howe
wver, that the discovery of anslgesio sctivity
in dphonyipiperidise derfrativey was not 8
maplt of 2 sysemwdc  stractwee-activity
study of the momphine molecule, but was
serensdigitous {3V

Asperdicis {80], 2 potent choleoysioe
kinlee& antagomiat, wss subjectsd fo fwa
differsnt bond  disconnecton  stestegies,
ay indivated {48},

Aupnbact iy e Bk Lirary 11 Jun 2090, SRaS40MD



¥ Waristion in Interstiomds fstanees

Parh A leads to wyptophsn geshvatives
{83}, some of which are potest cholecysie
ki antagonists {41}, Some quinszolinons
durivatives (82} of disconnertion patheeay
B showed axtremely high poteney and
exvellent selentivity as cholecystokininB
FeoRpiot sublype Hgands {34} & comblas.

98

muscles, superfivially fhe they of the lead
compaund.  However, Jabocurasine's
ing type wheress decamothanium praduces
3 depolarizing type of skelotal muscle bloee
kade, This fonddmpntal difference s mechy

Tariam of action B due o past o the

Bexibility of the devsmsthonium muleculs !
g

sompared with d-ubdcuranioe. The diffes §
ence. ¥ mechasdst of astion of the va 7

thon of sy crystallography sad comput-
ershased molecular mouicling wavstiized in

e

the desidon making. process in the bond
siseotnection (39} wnd dn the dusign of
speeific tanget mudeoules,

The swonensal blacking pharmesophore
v dubenurarine (83 dnckudes the wwo
catlonie hegds £ godtermacy ammonium
group s o protonated testisey smingd; the
cationic heads ave separaied by ten stoms
(e carbons wd aue sxvpesd.

&

$
LA

kL S
CHGRN R (03~ N(ORh
{88}

Based on these parametees, a sinple mole-
sufe; {decamuthonium {84, n which two
wimethylemowninm heads me sepacared
by 10 mothylene grougs 1o spdroximase the
mteraitrogen distases Is Suubocsrarie,
was designed indopendently by twa gioups
of revossigasors {92, 83) This synehetie
Fragreentianlog of danboruraring exhibig
¥ bigh degres of potoney sod scthity in
production of Saecid piralysis of sholesat

myonsural biocking agents resells v
semsiderable difference in the spestnum and
sevenity of side effects snd in the technigue
of smploymont in clinics! practize. by 3¥
sypes of analog design, changes by chessioat -
sirnciure may rosull im changes in mecha
abswe of sction, geen though the shemiesd
wature of sthe pharswcaphorts geowg may
nod be altered,

Y Y VAREATION 8V INTERATOMIC

DESTANCES ‘

Abmration of distances betweerd portions of -
she pdmemeacophors of 3 molesule {or evere
between  other portionsy may  podace
profound. gualitative andior guantintive
changes in pharmucologival assiens, s &
series of sosgevers of homicholinien {88},
the comtral bipheadt postion of the woles
sude wes chauged W terpheny! (36} and
pephonylens {87). Borh changes rosuited in
profound Joss of myoncursd Mocking saiivd
1y {44} This rosult was msoribed to altora
ton of e indergustentary sltrogen dis
mace of 4R in bomicholindus {88}
fwehich was assuened @ b the ptvey for
myonewrd blockade) to AR v e e
phenyl snafog amd 1o 10248 b thy o
phenviene snalog. The ceniral biphenyd
Prpater™ dw hesnicholindpm {85} was
changed 0 8 2 7-disubstituted phenastle
rene (B8}, wong drans-d d-hivyelohenyl (88},
snd 2.7 dimethvibiphenyl {38). In all theey -
of these systems the 14.5-& interquaterary
distancs i herdcholinhun {85) was main-
taiged; all of thess cougentrs were gual

Fuppied by dw Hrdish Ly 11 Jan 2018, 0H48 19T




tatively and  quaniftatively similse o
femicholinium i ehildtion »f newro
musenlsr  transmission.  Confosmational
analysis of the polvalkylens congeners (31
and $3) demonstrated that when the flex
ible polysikylene chain i reasioally sx-
fended and in o staggessd conformaias,
the interquaternary distanoe in e bexs.
methylene congenes (R} Is approsimaicly
14 A, and in the heptamethylens congsner
{923 &t s approgimausly 15 A, Sak oome
ponnds exhibited hemicholinfumdike indie
bitlont of neuromusenlay teansmission, sb
though they were lesy potent thas hemi
chofiniunt {35} This diminion of paeaty
might bz aseribed 0 the compromiaing of
another strectural parsmstey s the hemie
cholinture molscule: e rigidity of the
sentrad Bipheayl spacey unit thet meistains
the imtesnitroges distence.

In 2 seniex of  phesvialiylenstric
methylammoninm  dedvaives  (331-{8%),
nEotne agonivm i maximal whes A= 3
feompound {%5}}.

R ]

OF =

P8 = e g
PR e Ty
&
g, ~ Bl
O foa BT
e and
Hhhoa=i

T owas concluded {48} that a molery
{boazepe ring) with high slecwron density
three or four single bond lengihs {appros.
$ A3 fome the cationic center i 3 require.
ment for nicotinie sgonismt in ihe series
{48).

I secbistdesthylammoaine polye
methylone somgpounds {96-39), maximal
sctivity for blockade of astenamic ganglia
rosides tn those derivatives wheye a= § or
S {3 and ¥7) {47, &)

R (08, = REHg
WGy an s N a1

B sed Y A il

Sunpiied by e Srah Libesry 11 dan 2099, G048 [OATT



Beferoanes

Ganglivaie offocts dop drastcally when
Aa=doar T These ebsorvations have hesn
ravionslized on the bash of sifaivment of
opties! infergustomnery distance i the
penta- snd hexamuthylene congenery for
optimal intersction with ganghonic recepior
subsites. Rowarkaldy, av the nember of
methylene groups in compoussd {88} &
further greatly expunded, 2 high foved of
ganglionic blocking potency returms, The
Bossdenyl amd octedecyl vongeners (88)
ared {99} wre approsimately four tmes s
poterd 3t avtonomic ganglia s the ponta
snd. hewarathylene compounds, Ay was
rugntioned previgusly, polvmcthyless bis
guatemary. systems, e which the sationic
boads e sepseated by 10 neubylens
proups, have pasont effects st mvvones!
junctony and Bithe sction & suwtonomic
genpite. Thus extension of & Me-guatormary
poiystkyiene mabeculs foome § or & muthyb
snes o I produses # pharmscodogival

change

frozn panglionde  bleckade o

syl blockade, and further sxisncion
1o 16 or 18 methylonos results in loss of
myeneural sfieols and 8 return of gane
gl Biocking sction,
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Preface .

Most non-chemists would probably be horrified if they were to leamn how many

atterpted syntheses fail, and bow inefficient research chemists are. The ratio of suc-
cessful to unsuccessful chemical experiments in a normal research laboratory is far
below unity, and synthetic research chémists, in the same way 25 most scientists,
spend most of their time working out what went wrong, and why.

Despite the many pitfalls lurking in organic synthesis, most organic chexmstry
textbooks and research articles do give the impression that organic reactions just
proceed smoothly and that the total syuthesis of complex natural products, for
instance, is maybe a labor-intensive but otherwise undemanding task. In fact, most

- syntheses of structurally complex natural products are the result of several years of

~hard work by a team of chemists, with almost every step requiring careful optimiza-
. tion. The.final synthesis usually looks quite. different from that originally planned, ... . . .
- because of unexpected difficulties encountered in the initially chosen synthetic

&

sequence. Only the seasoned practitioner who has experienced for himself the many .

. failures and frustrations which the development (sometimes even the repettion) of

a syathesis usually implies will be able to appraise such work.

This book attempts t6 highlight the competing processes and limitations of some
of the most common and important reactions used in organic synthesis, Awareness
of these limitations and problem areas is important for the design of synthescs. and

this book cover the structure-reactivity relationship of organic compounds, and -

should also aid the design of better syntheses.

Chemists tend not to, publish negative results, because these are, as opposed'to
positive results, never definite (and far too copidus). Nevertheless, I have ventured
to describe some reactions as difficult or impossible. A talented chemist might, how-
ever, succeed in performing such reactions anyway, for what I congratulate him in

.advance. The aim of this book is not to stop the reader from doing bold experiments,’

but to help him recognize his experiment as bold, to draw his attention to potentul
problems, and to inspire, challenge, and motivate.

Sids Reactions in Organic Synthesis. Florencio Zamgazs Ddrwald .
WOMMVQ{VMCJIM&C&MW
ISBN 3327-31021-8 .

‘might also aid elucidation of the structure of unexpected products. Two chaplers of .




1
Organic Synthesis: General Remarks

1.1
Introduction

_ Organic reactions almost never yield exclusively the desired product. Students learn
this when they perform their first synthesis in the laboratory, for example the syn-
thesis of anisole from phenol. Although the starting materials, the intermediates,
and the product are all colorless, the reaction mixture will tum uncannily dark. This
darkening shows that in reality much more is going on in addition to the expected
process, and that obviously quite complex chemistry must be occurring, giving rise
to extended conjugated polyenes from simple starting materials. Fortunately these
dyes are usually formed in minute amounts only and the student will hopefully also
learn not to be scared by color effects, and that even from pitch-black reaction mix-
tures colorless crystals may be isolated in high yield. ‘

Because most reactions yield by-products and because isolation and purification
‘of the desired product are ususlly the most difficult parts of a preparation, the work-
up of each reaction and the separation of the product from by-products and reagents
must be carefully considered while planning a synthesis. If product isolation seems
to be an issue, the work-up of closely related examples from the literature (ideaily
two or three from different authors) should be studied. Many small, hydrophilic
organic compounds which should be easy to prepare are still unknown, not because
nobody has attempted to make them, but because isolation and purification of such
compounds can be very difficult. Therefore the solubility of the target compound in
water and in organic solvents, and its boiling or melting point, should be looked up
or estimated, because these will aid choice of the right work-up procedure.

The chemical stability of the target compound must also be taken into account
while planning its isolation, Before starting a synthesis one should also have a clear
idea about which analytical tools will be most appropriate for following the progress
of the reaction and ascertaining the identity and purity of the final product, Last, but

not Jeast, the toxicity and mutagenicity of all reagents, catalysts, solvents, products, -

and potential by-products should be looked up or estimated, and appropriate precau-
tionary measures should be taken. ' .

Side Reacions in Organie Synthesis. Florencio Zarsgozs Dorwald
Copyright © 2005 WILEY-VCH Verlog GmbH & Co. KGaA, Weinhelm
1SBN: 3.527-3102%-5



2 l 1 Organic Synthesis: General Remarks

12
Synthesis Design .

The synthesis of 2 structurally complex compound requives careful retrosynthetic
analysis to identify the shortest synthetic strategies which are most likely to give
rapid access to the target compound, ideally in high yield and purity. 1t {s critical to
keep the synthesis as short as possible, because, as discussed throughout this book,
each reaction can cause unexpected problems, especially when working with struc-
turally complex intermediates. Also for synthesis of “simple-looking” structures sev-
eral different approaches should be considered, because even structurally simple
compounds often turn out not to be so easy to make as initially thought.

1.2
Convergent vs Linear Syntheses

if a target compound can be assembled from a given number of smaller fragments,
the highest overall yields will usually be obtained if 3 convergent rather than linear
strategy is chosen (Scheme 1.1). In 2 convergent assembly strategy the total number
of reactions and purifications for all atoms or fragments of the target are kept to a
convergent strategy:

A B C D E F G H

SR R B

A-B C-D €~-F G-H
| b
A-B-C-D E-F-G-H
{

A=-B—C-D—E—F—-G-H

7 reactions, tota) yield with respect to monomer A: 51%
{tor 80% yleld per coupling step)

Hinoar etrategy:
A —» A-B —» A-B-C —» A=B—C-D ~—» A-B8—C-D-E —
A—B~C-D~E—F —» A-B8-C~D—E-F-6 —e A-B—C-D-E~F-G-H

"7 reactions, total yield with respeci to monomer A: 21%
(tor 80% ylold per coupling step)

scheme1.1.  Convergent and linear assembly strategies.
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minimum. If a linear strategy is chosen the first fragment (A in Scheme 1.1) will be
subjected to a large number of reactions and purifications, and the total yield with
regard to this first fragment will be rather low. Syntheses should be organized in
such a way that expensive and/for structurally complex fragments are subjected to
the fewest possible number of transformations.

1.2.2
Retrosynthetic Analysis

1.2.2)  Introduction

When planning a synthesis, the most suitable starting materials should be chosen.
These should be structurally and/or stereochemically as closely related to the target
as possible, to keep the synthesis brief, The first steps of a good synthesis may even
be low-yielding (if the products are easy to purify), because at these early stages little
work and reagents have been invested and the intermediates are still cheap. Poor
yields at later stages of a multistep synthesis, however, strongly reduce its useful-
ness, because most steps of the synthesis will have to be run on a large scale, using
large amounts of solvents and reagents, to obtain a small amount only of the final
product, which will, accordingly, be rather expensive.

In a retrosynthesis the easiest bonds to make are often cleaved first (i.e. these
bonds will be made at the end of the synthesis), yielding several fragments which -
can be joined together at late stages of the synthesis, using straightforward and
high-yielding chemistry. Such reactions would usually be condensations, for exam-
ple acetal, amide, or ester formation, or the formation of carbon-heteroatom bonds,
but might also be high-yielding C-C bond-forming reactions if the required reaction
conditions are compatible with all the siructural elements of the final product.

If the target contains synthetically readily accessible substructures (e.g. cyclic ele-
ments accessible by well established cycloaddition or cyclization reactions), these
might be chosen as starting point of a disconnection [1). If such substructures are
not present, their generation by introduction of removable functiona} groups (e.g. by
converting single bonds into double bonds or by formal oxidation of methylene
groups to carbony! groups, Scheme 1.5) should be attempted. If this approach fails
to reveal readily accessible substructures, the functional groups present in the target
structure which might assist the stepwise construction of the carbon framework
must be identified, and the bonds on the shortest bond paths between these groups
should be considered as potential sites of disconnection {Scheme 1.3). Retro-aldol or
Mannich reactions, optionally combined with the “Umpolung” of functional groups,
bave been the most common and successful tools for disconnection of intricate car-
bon frameworks, but any other, high-yielding C~C bond-forming reaction can also
be considered. As illustrated by the examples discussed below, 2 good retrosynthesis
requires much synthetic experiénce, a broad knowledge of chemical reactivity, and
the ability to rapidly recognize synthetically accessible substructures.
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1.222 Shikimic Acid

In Scheme 1.2 one possible retrosynthetic analysis of the unnatural enantiomer of
shikimic acid, a major biosynthetic precursor of aromatic a-amino adids, is
sketched. Because cis dihydroxylations can be performed with high diastereoselective
ity and yield, this step might be placed at the end of a synthesis, what leads to a
cyclohexadienoic acid derivative as an intermediate. Chemoselective dihydroxylation
of this compound should be possible, because the double bond to be oxidized is less
strongly deactivated than the double bond directly bound to-the (electron-withdraw-
ing) carboxyl group.

Despite being forbidden by the Baldwin rules {S-endo-trig ring opening; see Sec-
tion 9.2), cyclohexadienoic acid derivatives such as that required for this synthesis
can be prepared by base-induced ring scission of 7-oxanorbornene derivatives, pre-
sumably because of the high strain-energy of norborenes. ‘The required 7-oxanor-
bornene, in turn, should be readily accessible from furan and an acrylate via the

Retrosynthesis:
5H O,R
o o,R
- = @ = \/7 * ?\
H 0N "OPG
ent-shikimic acld
Synthasls: 5% cat®
o 10% AgSULF, % UISEL, -20°C
- ) -78°C, CH,Ch, 42 h THE, then Ome
PN + 0 i h) then recrystatization 1 MeOH, Cs,CO ]
W/ = e =
W "T B7% 83% 9
10 eq x :
Teq > 97% ee
LIN(SiMe,), .
-78°C 10 0°C, THF " TBAF, THF
then TBSOTY, 2,6-utidine Me 030, NMO MO non Me,SIOK o
-718°¢ - 0°C, THF, H,0 ‘ THF
80% ~ov8s 8% MO ores &%  Ho OH

H .

nt g
*cat = (\[f’ P,%Lzsbs,'

Scheme 1.2,

Retrosynthetic snalysis and synthesis of ent-shikimic acid {2}
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Diels-Alder reaction. With the aid of an enantiomerically pure Lewis acid this
Diels-Alder reaction yields a highly enantiomerically enriched 7-oxanorbomene, so
that the remaining steps of this elegant synthesis only need to proceed diastereo-
selectively and without racernization.

1.2.2) Lycopodine

A further target which contains a readily accessible and easily recognizable substruc-
ture is the alkaloid lycopodine. Being a S-amino ketone, a possible retrosynthesis
could be based on an intramolecular Mannich reaction, as outlined in Scheme 1.3.
In this case two of the targets four rings would be generated in one step by a Man-
nich condensation; this significantly reduces the total number of steps required. A
robust, intramolecular N-alkylation was chosen as last step. Realization of this syn-
thetic plan led to a synthesis of racemic lycopodine in only eight steps with a total
yield of 13 % [3). Fortunately the Mannich reaction yielded an intermediate with the
" correct relative configuration.

EL i N >
H .
X

lycopodine X

. |
":N’v“mAﬁt\/oI)\:;)o
»

NN

Scheme 1, Retrosynthesis of lycopodine based on an Intramolecular
Mannich reaction [3}.

0,

1.2.2.4 The Oxy-Cope Rearrangement

Less obvious than the retrosyntheses discussed above are those based on intramole-
cular rearrangements, because these often involve a major change of connectivity
between atoms. For instance, exploitation of oxy-Cope rearrangements as synthetic
tools requires some practice and the ability to recognize the substructures accessible
‘via this reaction from readily available starting materials. Oxy-Cope rearvangements
yield 4-penten-1-y] ketones by formal allylation of a vinyl ketone at the § position or
y-vinylation of an allyl ketone (Scheme 1.4). ‘This rearrangement can be used to pre- .
pare decalins [4] or perhydroindenes|S, 6) from bicyclo[2.2.2Joctenones or norborne-
nones, respectively, which can be prepared by using the Diels-Alder reaction. More-
over, oxy-Cope rearrangements may be used for ring expansions or contractions,
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Scheme 14, The

Numerous natural products have been prepared using the oxy-Cope rearrange-
ment as the key step{5), in particular, and with high virtuosity, by the group of LA.
Paquette]4, 6, 7). Three examples of retrosynthetic analyses of natural products or
analogs thereof based on the oxy-Cope rearrangement are shown in Schemel.5.
Because all the products are devoid of a keto group, the required 4-penten-1-yl
ketone substructure fi.e. the oxy-Cope retron (1)) must be introduced during the

retrosynthesis in such a way that accessible starting materials result,
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Introduction of

auxifiary functional groups
(Oxvm'em)
I~
o ) }
e
H .

precapneiladiens
RO, ,O
RO o R\ ¢ o R
= ——g = =>
— P RO
18 FON ~*

o= Ly

Me Me ’ Ve
R ¢ . &
. R N
H

Scheme)S. Retrosynthesis of an smbergris-type ether, of precapneliadiene,
and of an alkaloid based on the oxy-Cope reamangement [8-10}.
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1.2.2.5 Conclusion
As will be shown throughout this book, the outcome of organic reactions is highly

dependent on all structural features of a given starting material, and unexpected
products may readily be formed. Therefore, while planning a multistep synthests, it
is important to keep the total number of steps as Jow as possible.

Bu,SnH, AIBN
80°C, CyHy
————

O,Me
82%
_H

0,Me N
. CO,Me
——Co
H ' T On

Bu,SnM, AIBN
80°C, CoH,
ann————

CO,Me

60%

Bu,SNH, AIBN
80 °C, CyH,
st ttmtetetet e

80%

Schemo1.6. Rearrangement of polycyclic cyclobutytmethyl radicals M. 12).
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Even the most experienced chemist will not be able to foresee all potential pitfalls
of a synthesis, specially so if multifunctional, structurally complex intermediates
must be prepared. The close proximity or conformational fixation of functional
groups in a Jarge molecule can alter their reactivity to such an extent that even sim-
ple chemical transformations can no longer be performed 11). Small structural vari-
ations of polyfunctiona) substrates might, therefore, bring about an unforesecable
change in reactivity. )

Examples of closely related starting materials which upon treatment with the
same reagents yield completely different products are sketched in Scheme 1.6. The
additional methyl group present in the second starting material slows addition to
the carbonyl group of the radical formed by ring scission of the cydobutane ting,
and thus prevents ring expansion to the cydohexanone. Rémoval of the methoxycar-
bony! group leads to cleayage of a different bond of the cyclobutane ring and thereby
again to a different type of product{12).

The understanding and prediction of such effects and the development of milder
and more selective'synthetic transformations, applicable to the synthesis of highly
complex structures or to the selective chemical modification of proteins, DNA, or
even living cells will continue to be the challenge for current and future generations
of chemists.

1.3
Hard and Soft Acids and Bases

One of the most useful tools for predicting the outcome of chemical reactions is the
principle of hard and soft acids and bases (HSAB), formulated by Pearson in
1963 {13~15). This principle states that hard acids will react preferentially with hard
bases, and soft acids with soft bases, “hard” and “soft” referring to sparsely or highly
polarizable reactants. A selection of hard and soft Lewis acids and bases ig given in
Table 1.1,

Several chemical observations can be readily explained with the aid of the HSAB
principle, For instance, the fact that the early transition metals in high oxidation
states, for example titanium(1V), do not usually form complexes with alkenes, car-
bon monoxide, or phosphines, but form stable oxides instead can be attributed to
their hardness. The late transition metals, on the other hand, being highly polariz-
able, because of their almost completely filled d orbitals, readily form complexes
with soft bases such as alkenes, carbanions, and phosphines, and these complexes
are often unreactive towards water or oxygen. For the same reason, in alkali or early
transition metal enolates the metal is usually bound to oxygen, whereas enolates of
late transition metals usually contain M~C bonds (17, 18}, While alkali metal alkyls
or Grignard reagents react with enones presumably by initial coordination of the
metal to axygen followed by transfer of the alkyl group to the carbonyl carbon
atom (16, 19}, organocuprates or organopalladium compounds preferentially coordi-
nate and transfer their organic residue to soft C-C double bonds.
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Table1). Hard and soft Lewis acids and bases {13, 15, 16] (Z = electron-withdrawing group,

M = metal). The acidic or basic centers in molecules are in talics.

Hard acids (non-metals)

Bosdedine aclds (non-metats)

Soft aclds (non-metals)

H*, B(OR),, BFy, BCl;.
RCO®, CO,, NC*, RSi,
$i*, RPO;", ROPO,", A8,
RSO,*, ROSO,", §0,, Se™,
Cl", l". liv

BR,, R* (softer

CH,' > RC";' > RQCH' >
R)C’> vinyl' » CsHs’ L4
RC=C* harder), RCHO,
R,€0, R:C=NR, NO*, SO;

BH,, Ar-2Z, C=C~Z, quinones,
carbenes, HO®, RO*, RS*, RS¢",
RTe", Brp, Br", 15, 1"

Hard acids (metals)

Borderline acids (metals)

Soft acids {metals)

Li*, Na*, K°, BeMe,, Be',
RMgX, Mg, Ca?*, S72°, AICh,,
AiMe,, AlH;, AIOR),, AP?,
CaMe,, Ga», InMey, In®,

GaH,, SH{OR),, SnCly, Pb™,
sb*, Bi®, $¢(OTH);, SeChy,
Pe™*, Co®*, Ni%*, Cu®, R2n",
Zn¥, YB{OTf);, YIC),

Cs*, TiMe,, TI", TV, Pd(PAR),,
PIPALYY, PE*, PP, CU°,
Ag', Av', GdR", Cd™", HgR®,
Hg*, Hg"", M°

SnR,", SuMe; ™", Sn?*, S¢**,
. L%, TOR),, Ti*, 21", VO,*,
Ce», Fe™, Co™, I, Th*,
. UO;". P“Qo' Vb"

Hard bases Borderline bases Soft bases

AlH., N Ny~ PhNH,,
RN, CsHsN, RyCoNR, NO7™,
50)1-, Br

H", BH,, R {softer RCaC >
vinyl™> RyC harder), CoHe,
RyC=CR;, RC=CR, ONT, RNC,
CO, PR, P(OR),, AsR), RS,
SCN", RSH, R;S, 5;0,%",
RSe, 17

NH;,, RNH,, R;V™, NxHe,
H,0, OH™, ROH, RO™, R,0,
RCOy, COY, NOY", PO,
so}, Cog F. o

HSAB is particularly useful for assessing the reactivity of ambident nucleophiles
or electrophiles, and numerous examples of chemoselective reactions given
throughout this book can be explained with the HSAB principle. Hard electrophiles,
for example alkyl triflates, alkyl sulfates, trialkyloxonium salts, electron-poor car-
benes, or the intermediate alkoxyphosphonium salts formed from alcohols during
the Mitsunobu reaction, tend to alkylate ambident nucleophiles at the hardest atom.
Amides, enolates, or phenolates, for example, will often be alkylated at oxygen by
hard electrophiles whereas softer electrophiles, such as alkyl iodides or electron-
poor alkenes, will preferentially attack amides at nitrogen and enolates at carbon.

2.Pyridone is O-alkylated more readily than normal amides, because the resulting
products are aromatic. With soft electrophiles, however, clean N-alkylations can be
performed (Scheme 1.7). The Mitsunobu reaction, on the other hand, leads either to
mixtuses of N- and O-alkylated products ot to O-alkylation exclusively, probably
because of the hard, carbocation-like character of the intermediate alkoxyphospho-
nium cations. Electrophilic thodium carbene complexes also preferentially alkylate
the oxygen atom of 2-pyridone or other lactams (20) (Scheme 1.7).
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Scheme 1.7, Regioselective alkylation of 2-pyridone [20-22).

Lactams "and some non-cydic, secondary amides (RCONHR) can be alkylated
with high regioselectivity either at nitrogen (Section 6.6) or at oxygen. N-Alkylations
are generally conducted under basic reaction conditions whereas O-alkylations are
often performed with trialkyloxonium salts, dialkyl sulfates, or alkyl halides/silver
salts without addition of bases. Protonated imino ethers ate formed; these are
usually not isolated but are converted into the free imino ethers with aqueous base
during the work-up. Scheme 1.8 shows examples of the selective alkylation of lac-
tams and of the formation of 2-pyrrolidinones or 2-iminotetrahydrofurans by cycli-

zation of 4-bromobutyramides.
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Schemo 1.8, Regloselective sikylation of amides {23-27}.

The wiflate sketched in Scheme 1.9 mainly alkylates the amide at oxygen, instead
of alkylating the softer, lithiated phosphonate, Selective C-alkylation can be achieved
in this instance by choosing a less reactive mesylate as electrophile and by enhanc-

ing the acidity of the phosphonate.
The regioselectivity of the alkylation of enolates can also be controlled by the hard-

ness of the alkylating agent[29}. As illustrated by the examples in Scheme 1,10, allyl,
propargyl, or alkyl bromides or iodides mainly yield C-alkylated products, whereas
the harder sulfonates preferentially alkylate at oxygen.
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Scheme 110, Regioselective alkylation of enolates [30, 31).

1.4
The Curtin-Hammaett Principle

In the 1940 the idea was prevalent among chemists that the conformation of a reac.
tant could be determined from the structuze of a reaction product, i.c. the major
conformer would yield the major product. This assumption was shown to be incor-
rect by Curtin and Hammett in the 19505 [32}.

For a reaction in which a starting material A is an equilibrium mixture of two
conformers ‘(or diastereomers, tautomers, rotamers, etc.) Aland A%(Eq.1.1), two
extreme situations can be considered — one in which equilibration of Aland Alis
slow if compared with their reaction with B (k', k* « kC,kP), and one in which equi-
libration of A? and A%is much faster than their reaction with B (K, 1B > kC, kP),

2
C -— A .._:-'—- A —s D (Eq.1.1)

K
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If equilibration of A' and A? is slow, the product ratio {C}/[D] will be equal to the
ratio of conformers of the starting material A (|A'}/|A%}) and independent of the ratio
KS/kP, If equilibration is rapid, however, the amount of Cand D formed will depend
both on the ratio of starting materials {{A}/{A%]) and on the ratio of the two reaction
rate constants kS and kP: [D}/[C]=[A%/A"} x /K€ 32}, ,

The main implication of these derivations is that if equilibration is rapid, the
product ratio cannot always be intuitively predicted if the reaction rates k€ and k?
are unknown. Because energy-rich conformers, present in low concentrations only,
are often more reactive than more stable conformers, it is not unusual for the main
product of a reaction to result from a minor conformer which cannot even be ob-
served.

Two examples of such situations are sketched in Scheme 1.11. Quaternization of
tropane occurs mainly from the less hindered °pyrrolidine side” (equatorial attack at
the piperidine ring), even though the main conformer of tropane has an equatorial
methyl group. Similarly, 1-methyl-2-phenylpyrrolidine yields mainly an anti atky-
Jated product via alkylation of the minor cis conformer when treated with phenacyl
bromide [33). In both instances the less stable conformer is more reactive 1o such an
extent that the major product of the reaction results from this minor conformer. A
further notable example of a reaction in which the main product results from a
minor but more reactive intermediate is the enantioselective hydrogenation of
a-acetamidocinnamates with a chiral rthodium-based catalyst {34]. '

This does, however, not need to be so. Oxidation of 1-methyl-4-tert-butylpiperi-
dine, for example, yields mainly the amine N-oxide derived from the most stable

* conformer (Scheme 1.12). In this example the more energy-rich (Jess stable) confor-

mer reacts more slowly than the major conformer.

o

ma)qr minor (84 : 8)
Ri 1 slow Ri l fast PRCOCH,Br l.slow PhCOCH,Br 1'38!
o
+ - +
R— ,; \ i
h Ph + h
2377 \(j

minor product major product minor product major product
Scheme )11,  Diastereoselective quaternization of tertiary amines [32, 33, 35}, '
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91:9
H,0, l {ast H,O,l slow
N e

95:5
major product minor product

Schems 1.2, Diastereoselective oxidation of 4-ter-butyl-1-methylpiperidine {32, 36, 37).

To condlude, the Curtin~-Hammett principle states that the relative amounts of
products formed from two interconverting conformers depend on the reactivity of
these two conformers if the interconversion of these conformers is rapid, and cannot

always be intuitively predicted.
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