
Process for the production of benzopyran-2-ol
derivatives The present invention relates to an
improved process for the production of intermediates
useful in the preparation of tolterodine, fesoterodine
and other pharmaceutically useful compounds. The
invention also provides improved processes for the
production of such pharmaceutically useful compounds
using the intermediates. Tolterodine {2-[(
1i?)-3-[bis(1-methylethyl)amino] -1-phenylpropyl]
-4-methylphenol or alternatively (+)-L,
-diisopropyl-3-(2-hydroxy-5-methylphenyl)-3-phenylprop
ylamine}, is a muscarinic receptor antagonist for the
treatment of overactive bladder including urinary
incontinence. It gained its first marketing approval
(as the tartrate salt) in 1997 and was launched in
many markets in the following years under the trade
marks DETROL and DETRUSITOL. Tolterodine tartrate was
disclosed in International Patent Application WO
89/06644 (see in particular Example 22 and claim 7).
WO 98/29402 discloses a process for the production of
tolterodine which comprises condensing p-cresol (a)
with cinnamic acid (b), followed by reduction of the
resulting lactone (c) with a reducing agent, such as
diisobutylaluminium hydride (DIBAL), sodium
bis(2-methoxyethoxy)aluminium hydride or lithium
txi-tert-butoxyaluminohydride, to give the
corresponding benzopyran-2-ol compound (d). The
benzopyran-2-ol compound (d) can then be converted to
racemic tolterodine hydrochloride (e) by reductive
amination with diisopropylamine, followed by addition
of aqueous hydrochloric acid. Finally, tolterodine
L-tartrate is formed by neutralisation of the
hydrochloride salt (e) with NaOH/NaHCO 3 and
subsequent resolution using L-tartaric acid. The
process is shown in Scheme 1 below.DIBAL (i) HN Pr2,
H2, Pd/C MeOH (ii) HCI It can be seen that in the
process disclosed by WO 98/29402, the benzopyran-2-ol
compound (d) is prepared in two steps and involves the
use of a relatively expensive reducing agent (DIBAL).
WO 01/49649 describes the reductive amination of the
enantiomers of compound (d) above to give tolterodine
and its enantiomer. The enantiomers of compound (d)
are produced by enantioselective reactions. It also
relates to the same processes applied to analogous
compounds, in particular the analogue of tolterodine
in which the methyl group in the phenolic ring is
replaced with a 5-hydroxymethyl group. US Patent
Application 2003/0236438 (MacMillan et al) discloses
the use of comparatively complex chiral
imidazolidinone catalysts [e.g. (2S,5S)-5-benzyl-2-t -



butyl-3-methylimidazolidin-4-one] for carrying out
enantioselective 1,4-addition reactions between
aniline nucleophiles and a,b-unsaturated aldehydes
(this work is also described in MacMillan et al, J.
Am. Chem. Soc, 2002, 124, 7894-7895). Example 2 from
US Patent Application 2003/0236438 is typical of the
reactions disclosed:It can be seen that the carbon
atom of the aromatic ring para to the amine group
bonds to the alpha-beta unsaturated aldehyde. Jurd
(Journal of Heterocylic Chemistry, vol 28 (4), 1991,
pp 983-986) describes the reaction of
3,4-methylenedioxyphenol, morpholine and
cinnamaldehyde in methanol to produce
2-morpholinyl-4-phenylbenzopyrans. Surprisingly, it
has now been found that the benzopyran-2-ol compound
(d) of Scheme 1 can be produced in a one-pot reaction
starting from p-cresol (a). Analogous compounds can
also be produced. Thus, according to a first aspect of
the present invention, there is provided a process for
the production of a compound of formula (I), wherein Y
is selected from CH3, CH2OH, CH2CH2OH, CH2Br and Br;
comprising the steps of: (i) reacting a compound of
formula (II), wherein OX is hydroxy or 0 M+, in which
M+ is a cation selected from Li+, Na+ and K+, and Y is
as defined above; with raMs-cinnamaldehyde (III),in
the presence of a secondary amine compound; then (ii)
treating the product of the preceding step with acid
to afford the compound of formula (I). By "secondary
amine compound" we mean an organic compound which
contains at least one secondary amine group, i.e. a
compound of the formula: in which Ra and Rb are not
hydrogen. Preferably, Ra and Rb are each linked to the
nitrogen atom by a CH2 group, for example they are
independently Ci- alkyl or together form a 4- or
5-membered alkyl chain in which one carbon atom is
optionally replaced by O or N. Preferred embodiments
of the first aspect of the invention are those in
which: (a) OX is hydroxy; (b) Y is CH3 or CH2OH; (c)
the secondary amine compound is achiral; (d) the
secondary amine compound contains two secondary amine
groups, for example piperazine (this catalyst produces
particularly high yields); (e) when the secondary
amine compound contains two secondary amine groups,
0.5- 1.25 mole equivalents of the secondary amine
compound are used in step (i); 



(f) alternatively, the secondary amine compound
contains one secondary amine group, and more
preferably the secondary amine compound is morpholine,
dibutylamine, dibenzylamine,
1,1,3,3-tetramethylguanidine, diethylamine,
diisopropylamine, piperidine or an -(Ci -6
alkyl)piperazine. 7V-methylpiperazine is particularly
preferred because it produces good yields, the initial
product [see formula (VI) below] is readily hydrolysed
to the corresponding lactol compound of formula (I),
and the crude compound of formula (I) has an improved
purity which facilitates crystallization;(g) when the
secondary amine compound contains one secondary amine
group, 1-5, more preferably 1-2.5 mole equivalents of
the secondary amine compound are used in step (i); (h)
the acid used in step (ii) is aqueous hydrochloric
acid (preferably no more than 2M concentration),
although the following aqueous acids at similar
concentrations also provide good results: citric acid,
acetic acid, oxalic acid, trifluoroacetic acid, maleic
acid, fumaric acid, salicyclic acid, traws-cinnamic
acid, benzoic acid, camphor sulfonic acid and tosic
acid; (i) the reaction of step (i) is carried out in
an organic solvent selected from toluene, xylene,
N-butyl acetate, t-amyl alcohol, dioxane and dibutyl
ether, most preferably toluene (which produces
particularly high yields); (j) the reaction of step
(i) is carried out at a temperature in the range 800C
to the reflux temperature of the solvent; (k) the
reaction of step (i) is carried out under conditions
that remove water from the reaction system (e.g.
Dean-Stark conditions, in which water produced by the
reaction is condensed in a side condenser so that it
does not return to the reaction mixture, and can be
drained off if desired); and (1) the reaction of step
(i) is carried out at or around ambient pressure (e.g.
a nitrogen atmosphere of slightly elevated pressure
may be used, particularly on an industrial scale). It
is particularly preferred that when Y is CH2OH, the
secondary amine compound is Nmethylpiperazine.
Preferably, the secondary amine compound contains two
basic nitrogen atoms. Such compounds produce initial
products [see formula (VI) below] which hydrolyse
readily to compounds of formula (I). According to a
second aspect of the invention, there is provided a
process for the production of a compound of formula
(IV),wherein Y is selected from CH3, CH2OH, CH2CH2OH,
CH2Br and Br, or a salt thereof, comprising: (a)
producing a compound of formula (I) as defined above,
using the process according to the first aspect of the
invention; then (b) reductively aminating the compound
of formula (I) with diisopropylamine; 



(c) and where desired converting the resulting
compound into a salt. Preferably, in the second aspect
of the invention, Y is CH3 or CH2OH. When Y is CH3,
the compound of formula (IV) may be treated with
L-tartaric acid in step (c), to produce tolterodine
L-tartrate [i.e. i?-(+)-tolterodine L-tartrate]. When
the compound of formula (IV) is to be used as a
pharmaceutical, the salt form produced in this second
aspect of the invention is preferably pharmaceutically
acceptable. However, when the compound will be
processed further, this is not essential. The
reductive amination of a compound of formula (I) may
comprise treatment with diisopropylamine in a suitable
solvent, such as methanol (which is preferred) or
tert-amyl alcohol or mixtures thereof, followed by
hydrogenation in the presence of a catalyst, such as
Pd/C or Pd(OH)2/C. In one.embodiment, the compound of
formula (IV) may be treated with an aqueous acid, such
as hydrochloric acid, to afford the corresponding
hydrochloride salt. The racemic compound may be
converted to the corresponding (R)-enantiomer
L-tartrate salt by neutralization of the hydrochloride
salt in the presence of base, such as a mixture of
sodium hydroxide and sodium carbonate, followed by
resolution with L-tartaric acid. In one embodiment,
tolterodine L-tartrate [i.e. i?-(+)-tolterodine
L-tartrate] is prepared.In an alternative embodiment,
the (R)-enantiomer L-tartrate salt of the compound of
formula (IV) may be prepared directly following
reductive amination of the compound of formula (I)
without formation of the hydrochloride salt. For
example, in one embodiment the product of the
reductive amination step may be treated with a solvent
such as acetone and L-tartaric acid to afford the
L-tartrate salt. When Y is CH3, this produces
tolterodine L-tartrate [i.e. i?-(+)-tolterodine
L-tartrate]. According to a third aspect, the
invention provides a process for the production of
fesoterodine, or a pharmaceutically acceptable salt
thereof, which comprises: (a) producing a compound of
formula (IV), as defined above in which Y is CH2OH,
using the process described above; (b) resolving the
product of step (a) to obtain the (R)-enantiomer; (c)
acylating the phenolic hydroxy group of the product of
step (b) to produce the corresponding isobutyric acid
ester; (d) and where desired or necessary, converting
the resulting compound into a pharmaceutically
acceptable salt. Fesoterodine, having chemical name
2-[(li?)-3-[bis(l-methylethyl)amino]-lphenylpropyl]-
4-hydroxymethylphenyl isobutyrate or alternatively
R-(+)-isobutyric acid
2-(3-diisopropylamino-l-phenylpropyl)-4-hydroxymethylp
henyl ester, is disclosed in 



European Patent 1077912 (see page 32 line 5 and claim
4, 3rd compound). It is indicated in the treatment of
overactive bladder.In this third aspect, the
resolution is preferably carried out by fractional
crystallization with a chiral acid, preferably
(i?)-(-)-acetoxy(phenyl)acetic acid. The acylating
agent is preferably isobutyryl chloride. The compound
of formula (I) may exist in an open-ring form,
although it is believed to exist predominantly in the
closed-ring (lactol) form. Furthermore, it is believed
that the process according to the first aspect of the
invention produces a mixture of diastereoisomers of
the lactol: The R- and S-enantiomers of the chiral
centre marked with an asterisk above are believed to
be present in equal amounts. The production of all
these tautomeric and stereoisomeric forms is embraced
by the present invention. When piperazine is used in
step (i) of the first aspect of the invention, the
reaction proceeds via an isolable intermediate
compound of formula (V), wherein Y is selected from
CH3, CH2OH, CH2CH2OH, CH2Br and Br. These compounds
are provided according to a fourth aspect of the
present invention. Preferably, Y is CH3. When
iV-methylpiperazine is used in step (i) of the first
aspect of the invention, the reaction proceeds via an
intermediate compound of formula (VI) (VI)wherein Y is
selected from CH3, CH2OH, CH2CH2OH, CH2Br and Br.
These compounds are provided according to a fifth
aspect of the present invention. Preferably, Y is
CH2OH. The invention further provides a compound of
formula (I), wherein Y is selected from CH2CH2OH,
CH2Br and Br. The process according to the invention
differs from US Patent Application 2003/0236438 (see
above) in that none of the reactants are an aniline
compound, and the compound of formula (II) according
to the invention does not have an additional strongly
activating or strongly electron-donating group present
(such as methoxy in Example 2 of US Patent Application
2003/0236438). Furthermore, the amine catalysts used
in the present invention are much simpler (e.g. they
do not need to be chiral) and hence cheaper. The
process according to the invention differs from the
Jurd paper mentioned above (Journal of Heterocylic
Chemistry, vol 28 (4), 1991, pp 983-986) in that none
of the reactants are an aniline compound, and the
compound of formula (II) according to the invention
does not have an additional strongly activating or
strongly electron-donating group present, such as
alkoxy or hydroxy. The invention has the further
advantage that, as part of a process for the
production of tolterodine, in comparison with the
process disclosed by WO 98/29402, a number of reaction
and processing steps are eliminated, leading to a
reduction in costs. 



Furthermore, the process avoids the use of expensive
reducing agents such as diisobutylaluminium hydride
(DIBAL), sodium bis(2-methoxyethoxy)aluminium hydride
or lithium tri-t rt-butoxyaluminohydride, which are
also difficult to dispose of.The invention has the
further advantage that, as part of a process for the
production of fesoterodine, in comparison with the
processes disclosed in the prior art, a number of
reaction and processing steps are eliminated, leading
to a reduction in costs. Furthermore, the process
avoids the use of hazardous and environmentally
undesirable reagents, which are difficult to dispose
of. The invention is illustrated by the following
examples in which the following abbreviations may be
used: BuOH = butanol . DEA = diethylamine DMA =
dimethylacetamide DMF = dimethylformamide DMPU =
l,3-dimethyl-3,4,5,6-tetrahydro-2(lH)-pyrimidone DMSO
= dimethylsulphoxide EDTA = ethylenediaminetetraacetic
acid ee = enantiomeric excess EtOAc = ethyl acetate
EtOH = ethanol h = hour IPA = isopropyl alcohol LC-MS
= liquid chromatography - mass spectrometry LOD = loss
on drying MeOH = methanol min = minute n-BuOH =
n-butanol p.s.i. = pounds per square inch TFA =
trifluoroacetic acid THF = tetrahydrofuran tic = thin
layer chromatography Example 1 Synthesis of
3,4-Dihvdro-6-methyl-4-phenyl-2H-benzopyra
n-2-olp-Cresol (15Og, 1.387mol) was stirred with
piperazine (72g, 0.832mol, 0.6eq) in toluene (1.5L,
10ml/g) and then heated at reflux under Dean & Stark
conditions for at least 30 minutes to remove water
giving a clear pale yellow solution.
Trans-Cinnamaldehyde (262ml, 275g, 2.081 mol, 1.5eq)
was then added over 2 hours whilst maintaining the 



reaction mixture at reflux under Dean & Stark
conditions. Once the addition was complete, heating of
the reaction mixture was continued at reflux under
Dean & Stark conditions for a further 4 hours. The
black solution was allowed to cool to 800C and then
slowly quenched over 45 minutes with a solution of
0.67M HCl(aq) (750ml, 0.601 mol, 1.3eq). The two-phase
solution was then stirred vigorously for at least 12
hours at a temperature of 75-8O0C. The stirring was
then stopped and the mixture allowed to cool to room
temperature and the phases separated. The toluene
solution was then washed with IM HCl(aq) (750ml,
5ml/g), then water (3 X 750ml, 5ml/g). The
3,4-dihydro-6-methyl-4- phenyl-2H-benzopyran-2-ol was
not isolated but instead the toluene solution was used
directly in the reductive amination step (Example 2).
Example 2 Synthesis of Tolterodine L-Tartrate
Tolterodine L-Tartrate The toluene solution comprising
crude 3,4-dihydro-6-methyl-4-phenyl-2H-benzopyran-2-
ol from Example 1 (theoretical = 333.3g in l.5L of
toluene) was diluted with methanol (750ml, 5ml/g),
then diisopropylamine (583ml, 421g, 4.161 mol, 3eq)
was added. Theblack solution was then hydrogenated
over 20wt% Pd(OH) 2/C moist (10wt%, 33g) at 62IxIO 3
Nm 2 (90 psi) and 1100C for 48 hours. A sample was
removed for analysis. The reaction mixture was
filtered through Arbocel(tm) (filter aid) to remove
catalyst residues and then heated to reflux and all
diisopropylamine and methanol removed by distillation
and replaced with toluene resulting in a final volume
of 10ml/g. The black solution was then cooled to 25C,
acetone (750L, 5ml/g) was added, and then the solution
heated to 55-6O0C. A solution of L-Tartaric acid
(312g, 2.081mol, 1.5eq) in methanol (1.05L, 7ml/g) was
added over 30 minutes maintaining the temperature at
55-6O0C. The resulting suspension was then allowed to
cool to room temperature and stirred for 12 hours. The
suspension was filtered, washed with acetone (2 X
600ml, 4ml/g), then dried in a vacuum oven at 5O0C for
12 hours to give the title compound as an off white
solid [159.2g, 48% (24% from p-Cresol)]. Achiral
purity was 100% (no impurities detected) and chiral
purity was 91.4% e.e. Example 3 Synthesis of racemic
tolterodine hydrochloride Toluene (i) Toluene/MeOH 20%
Pd(OH)2/C (wet) H2, diisopropylamine, 11O 0C, 90psi 



(ii) 37%HCI Racemic tolterodine HCI Step A.
Preparation of
3,4-Dihvdro-6-methyl-4-phenyl-2H-benzopyran-2-ol To a
solution of p-cresol (25 g, 0.231 mol, 1 equiv),
piperazine ( 11.94 g, 0.139 mol, 0.6 equiv) and
toluene (250ml, 10 ml/g) at reflux under Dean & Stark
conditions was added cinnamaldehyde (45.83 g, 44 ml,
0.347 mol, 1.5 equiv) over a 2 hour period and
reaction mixture monitored by HPLC for the presence of
p-cresol. Upon completion (2 to 3hours), the mixture
was cooled to 800C and a solution of c.HCl (25 ml,
0.301 mol, 1.3 equiv) in water (100ml, 5 ml/g) was
slowly added and heated at 80-900C for at least 5
hours. The resulting solution was allowed to cool to
room temperature and the phases separated. The toluene
solution was washed with IM HCl (125 ml, 5 ml/g), then
water (3 X 125 ml). The resulting organic layer was
taken into the reductive amination step (Step B) as a
crude mixture. Step B. Preparation of racemic
tolterodine hydrochloride To the crude solution from
Step A was added methanol (125 ml, 5 ml/g cresol) and
diisopropylamine (92 ml, 0.693mol, 3 equiv). The
mixture was then hydrogenated over 20wt% Pd(OH)2/C wet
(5.6 g, 10wt% theory of the benzopyran-2-ol) at 110 0C
under 586xlO3 Nm 2 (85 psi) hydrogen pressure.
Reaction progress was monitored by HPLC (completion
usually occurs between 16 and 24h). Upon completion,
the mixture was cooled, purged with nitrogen, filtered
and washed with toluene (2 X 25 ml). The filtrate was
then azeotroped with toluene to remove all methanol
and diisopropylamine to end at a final volume
corresponding to 10ml/g cresol. The solution was then
stirred at 50-600C and 37% HCl (19.3 ml, 0.231 mol,
1.0 equiv c.f cresol) was added resulting in the
precipitation of racemic tolterodine hydrochloride.
The suspension was cooled to 25 0C and stirred for 2h,
then filtered and washed with toluene (2 X 50ml).
Racemic tolterodine hydrochloride was then dried under
vacuum at 5O0C. Yield was 52.7 g, 63% from pcresol
with achiral purity of 97%. The synthesis of
tolterodine L-tartrate according to the methods of
Examples 1-3 is shown in Scheme 2 below.p-Cresol
frans-Cinnamaldehyde Example 4 Influence of amine
catalyst and solvent on yield of
3,4-Dihydro-6-methyl-4-phenyl-2Hbenzopyran- 2-ol The
reaction of Example 1 was repeated, but varying the
amine catalyst and the solvent. The temperature used
was approximately 1000C or the reflux temperature of
any solvent if lower (unless indicated otherwise).
Dean-Stark conditions were not used unless indicated
(by *). The yields are shown in the following
table.GRAVEL PACKING SCREEN WITH INFLOW CONTROL DEVICE



AND BYPASS TECHNICAL FIELD The present invention
relates generally to equipment utilized and operations
performed in conjunction with a subterranean well and,
in an embodiment described herein, more particularly
provides a gravel packing screen with an inflow
control device and a bypass. BACKGROUND Although some
wells can be completed with sand control screens for
controlling sand production, many wells are benefited
by additionally having a gravel pack placed around the
screens. Furthermore, some well completions are
benefited by having flow restrictors, such as inflow
control devices, integral to the screens to restrict
the flow of produced fluid through the screens. In
some cases, the inflow control devices may variably
restrict the fluid flow,and may have the capability to
respond to changed downhole conditions and/or be
remotely controlled (e.g., "intelligent" inflow
control devices). Very long horizontal open hole
completions can benefit substantially from the use of
inflow control devices in screens. In spite of these
facts, few (if any) wells have been completed with a
screen having an integral inflow control device and
with a gravel pack installed about the screen. This
may be due to the fact that the presence of the inflow
control device integral to the screen would impair or
prevent the successful placement of the gravel pack
around the screen when using conventional slurry
pumping techniques, since the inflow control device
significantly restricts the available flow rate
through the screen during the gravel packing
operation. Conventional slurry pumping techniques
require a much greater flow rate through the screen at
certain points in the gravel packing operation than is
practically possible with the inflow control device in
place. Therefore, it may be seen that improvements are
needed 



in the arts of well screen construction and gravel
packing. It is among the objects of the present
invention to provide such improvements . SUMMARY In
carrying out the principles of the present invention,
a new well screen and associated methods are provided
which solve at least one problem in the art. One
example is described below in which a screen includes
an inflow control device and a bypass to divert flow
around theinflow control device. Another example is
described below in which a gravel packing operation is
conducted while the bypass is open, and then the
bypass is closed so that flow is no longer diverted
around the inflow control device during production. In
one aspect of the invention, a well screen includes a
flow restricting device for restricting inward flow
through the screen. A bypass device is used to vary a
proportion of the inward flow which passes through the
flow restricting device. The bypass device includes a
material which swells in response to contact between
the material and fluid in a well. In another aspect of
the invention, a method of gravel packing a well
includes the steps of: installing a well screen in the
well, the screen including a flow restricting device
which restricts flow through the screen, and a bypass
device for selectively permitting relatively
unrestricted flow through the screen; and actuating
the bypass device in response to contact between a
material in the bypass device and fluid in the well,
thereby increasingly restricting flow through the
screen. In yet another aspect of the invention, a well
system is provided. The well system includes a well
screen with a flow restricting device for restricting
inward flow through the screen, and a bypass device
for increasing a proportion of the inward flow which
passes through the flow restricting device. The bypass
device includes a material which swells 



in response to contact between the material and fluid
in the well. In a further aspect of the invention, a
method of gravel packing a well includes the step of:
installing a well screen in the well, the screen
including a flow- A - restricting device which
restricts flow through the screen, and a bypass device
for selectively permitting relatively unrestricted
flow through the screen. Flow through the flow
restricting device and flow through the bypass device
are in parallel. The method further includes the step
of actuating the bypass device, thereby increasingly
restricting flow through the screen. These and other
features, advantages, benefits and objects of the
present invention will become apparent to one of
ordinary skill in the art upon careful consideration
of the detailed description of representative
embodiments of the invention hereinbelow and the
accompanying drawings, in which similar elements are
indicated in the various figures using the same
reference numbers. BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic partially cross-sectional view
of a well system embodying principles of the present
invention; FIG. 2 is an enlarged scale schematic
cross-sectional view through a well screen in the
system of FIG. 1 ; FIG. 3 is a schematic
cross-sectional view of the well screen of FIG. 2 ,
with a bypass device of the screen being closed; FIG.
4 is a schematic cross-sectional view of a first
alternate construction of the well screen; FIG. 5 is a
schematic cross-sectional view of the well screen of
FIG. 4 , with a bypass device of the screen being
closed;FIG. 6 is a schematic cross-sectional view of a
second alternate construction of the well screen, a
bypass device of the screen being shown closed on a
left-hand side of the figure, and the bypass device of
the screen being shown open 



on a right-hand side of the figure; FIG. 7 is a
schematic cross-sectional view of a third alternate
construction of the well screen, a bypass device of
the screen being shown closed on a left-hand side of
the figure, and the bypass device of the screen being
shown open on a right-hand side of the figure; FIG. 8
is a schematic cross-sectional view of a fourth
alternate construction of the well screen, a bypass
device of the screen being shown closed on a left-hand
side of the figure, and the bypass device of the
screen being shown open on a right-hand side of the
figure; and FIG. 9 is an enlarged scale schematic
cross-sectional view of a swellable material of a
bypass device sealingly contacting a surface of the
bypass device. DETAILED DESCRIPTION It is to be
understood that the various embodiments of the present
invention described herein may be utilized in various
orientations, such as inclined, inverted, horizontal,
vertical, etc., and in various configurations, without
departing from the principles of the present
invention. The embodiments are described merely as
examples of useful applications of the principles of
the invention, which is not limited to any specific
details of these embodiments.In the following
description of the representative embodiments of the
invention, directional terms, such as "above",
"below", "upper", "lower", etc., are used for
convenience in referring to the accompanying drawings.
In general, "above", "upper", "upward" and similar
terms refer to a direction toward the earth's surface
along a wellbore, and "below", "lower", "downward" and
similar terms refer to a direction away from the
earth's surface along the wellbore. Representatively
illustrated in FIG. 1 is a well system 10 which
embodies principles of the present invention. A gravel
packing method is being performed in the well system 



10 as depicted in FIG. 1 , with a gravel slurry 12
being flowed into an annulus 18 between a completion
string 20 and a wellbore 22. In this manner, a gravel
pack 16 is installed about a well screen 14
interconnected in the completion string 20. In one
important feature of the well system 10, the well
screen 14 is provided with a flow restricting device
for restricting inward flow through the screen during
production, and is also provided with a bypass device
which permits relatively unrestricted inward flow
through the screen until after the gravel packing
operation. This feature allows greater flow rates
through the screen 14 before and during the gravel
packing operation, but also obtains the benefits of
reduced flow rates through the screen during
production. Although the wellbore 22 is depicted in
FIG. 1 as being cased, it should be understood that
the wellbore could be completed open hole in keeping
with the principles of the invention. In addition,
although the screen 14 is shown as being positioned in
a generally vertical portion of thewellbore 22, such
screens may alternatively, or in addition, be
positioned in horizontal or otherwise deviated
portions of a wellbore. Referring additionally now to
FIG. 2 , an enlarged scale cross-sectional view of the
screen 14 is representatively illustrated. This view
depicts the screen 14 during the gravel packing
operation. A fluid portion 24 of the gravel slurry 12
flows inwardly through a filter portion 26 of the
screen 14. The filter portion 26 is depicted in FIG. 2
as being made up of wire wraps, but other types of
filter material (such as mesh, sintered material,
etc.) may be used in other embodiments . The fluid
portion 24 enters an annular space 28 between the
filter portion 26 and a tubular base pipe 30 of the
screen 14. A portion 32 of the fluid then passes
through a 



flow restricting device 34, and another portion 36 of
the fluid passes through a bypass device 38. The
bypass device 38 permits relatively unrestricted
inward flow through the screen 14 prior to and during
the gravel packing operation. However, the bypass
device 38 can be actuated to increase the proportion
of fluid which passes through the flow restricting
device 34, thereby increasing the restriction to flow
through the screen, as described more fully below. The
flow restricting device 34 may be of the type known to
those skilled in the art as an inflow control device.
As depicted in FIG. 2 , the device 34 utilizes
relatively small diameter tubes 40 (only one of which
is visible in FIG. 2 ) to restrict inward flow through
the screen 14 (i.e., between the annulus 18 and an
inner passage 42 formed through the screen) .However,
it should be clearly understood that any type of flow
restricting device may be used for the device 34 in
keeping with the principles of the invention. For
example, some inflow control devices use tortuous
passages, orifices and/or other flow restricting
elements to restrict inward flow through a screen. In
addition, the flow restricting device 34 may be
"intelligent" in that the device may be remotely
controlled and/or the device may be capable of
responding to changed downhole conditions in order to
variably restrict inward flow through the screen 14.
For this purpose, the device 34 may include a downhole
controller 44 which may include a telemetry device for
communicating with the surface or another remote
location. Preferably, the flow restricting device 34
is an integral part of the screen 14, so that the flow
restricting device is installed when the screen is
installed in the well system 10. In this manner, an
intervention into the well is not required to install
the flow restricting device 34. However, other
configurations are possible in keeping with 



the principles of the invention. The bypass device 38
includes a material 46 which swells (increases in
volume) when contacted with a certain fluid in the
well. For example, the material 46 could swell in
response to contact with water, in response to contact
with hydrocarbon fluid, or in response to contact with
gas in the well, etc. Ports 50 may be provided in the
bypass device 38 to increase a surface area of the
material 46 exposed to the fluid in the well. Examples
of swellable materials are described in U.S. patent
application publication nos. 2004-0020662, 2005-
0110217, 2004-0112609, and 2004-0060706, the
entiredisclosures of which are incorporated herein by
this reference. Other examples of swellable materials
are described in PCT patent application publication
nos. WO 2004/057715 and WO 2005/116394, the entire
disclosures of which are incorporated herein by this
reference. The bypass device 38 also includes ports or
passages 48 through which the fluid portion 36 flows
prior to and during the gravel packing operation. Note
that in FIG. 2 the material 46 permits relatively
unrestricted flow of the fluid portion 36 through the
passages 48. Preferably, the bypass device 38 is an
integral part of the screen 14, so that the bypass
device is installed when the screen is installed in
the well system 10. In this manner, an intervention
into the well is not required to install the bypass
device 38. However, other configurations are possible
in keeping with the principles of the invention.
Referring additionally now to FIG. 3 , the screen 14
is representatively illustrated after the material 46
has swollen in response to contact with a fluid in the
well. Flow through the passages 48 is now prevented,
and all of the inward flow through the screen 14 must
pass through the flow restricting device 34. In this
manner, inward flow through the screen 14 is
increasingly restricted due to 



swelling of the material 46. The swollen material 46
itself blocks flow through the passages 48. However,
note that it is not necessary for the material 46 to
completely prevent flow through the passages 48, since
it may be sufficient in some circumstances for the
material to just increasingly restrict flow through
the passages.After the gravel packing operation, all
(or at least an increased proportion) of the inward
flow passes through the flow restricting device 34,
rather than through the bypass device 38. Thus, the
fluid portion 32 will consist of fluid 52 produced
through the filter portion 26. Swelling of the
material 46 could be initiated during or after the
gravel packing operation by, for example, circulating
a certain fluid down to the screen 14 with, or after,
the slurry 12. Alternatively, the produced fluid 52
could contact the material 46 and cause it to swell
after the gravel packing operation. As another
alternative, the swelling of the material 46 could be
initiated by the same fluid as is in the well at the
time that the screen 14 and its bypass device 38 are
installed in the well. In that case, the swelling of
the material 46 could be retarded, so that the closure
or increased restriction through the bypass device 38
would not be completed until a desired subsequent
time, such as after the gravel packing operation is at
least substantially complete. The swelling of the
material 46 could be retarded by, for example,
designing the material composition so that it swells
slowly, covering the material with another material
which is only slowly penetrable by the well fluid or
swells at a relatively slow rate, providing a cover or
coating on the material to limit contact between the
material and the well fluid, etc. Any manner of
contacting the material 46 with the fluid which causes
the material to swell may be used at any time, and
initiation of the contact between the material and the



well fluid to cause the material to swell may occur at
any time, in keeping with the principles of the
invention.Referring additionally now to FIG. 4 , an
alternate configuration of the screen 14 is
representatively illustrated. In this configuration,
the bypass device 38 further includes a closure member
54 which is displaced by the material 46. The member
54 is in the form of a sleeve which carries spaced
apart internal seals. Other types of closure or
choking members may be used without departing from the
principles of the invention. As depicted in FIG. 4 ,
relatively unrestricted flow is permitted through the
passages 48. Thus, a greater proportion of fluid flows
through the bypass device 38, instead of through the
flow restricting device 34. Referring additionally now
to FIG. 5 , the alternate configuration of the screen
14 is representatively illustrated after the material
46 has been swollen. Swelling of the material 46 has
caused the member 54 to displace to a position in
which the member blocks the passages 48, preventing
flow through the passages. It is not necessary for the
member 54 to completely prevent flow through the
passages 48, since in some circumstances it may be
acceptable for flow through the passages to be
increasingly restricted. Preferably, at least a
greater proportion of fluid is forced to flow through
the flow restricting device 34, rather than through
the bypass device 38, due to the displacement of the
member 54. In the constructions of the screen 14 as
depicted in FIGS. 2-5, the bypass device 38 operates
as a valve or choke to variably restrict flow through
the passages 48. In the constructions of FIGS. 4 & 5 ,
the material 46 is an actuator for the valve, since
the material supplies the forcerequired to block flow
through the passages 48. The material 46 is also a
closure member in the construction of the screen 14 as
depicted in FIGS. 2 & 3 . 



Referring additionally now to FIG. 6 , another
alternate configuration of the well screen 14 is
representatively illustrated. In this configuration,
the flow restricting device 34 and bypass device 38
are both incorporated into an upper end of the screen
14. On a right-hand side of the screen 14 as viewed in
FIG. 6 the bypass device 38 is open, and on a
left-hand side of the screen the material 46 has
swollen to close the bypass device. The flow
restricting device 34 and bypass device 38 are
depicted in FIGS. 2-5 as being separate elements of
the screen 14. However, the configuration of FIG. 6
demonstrates that these elements may be combined into
a single structure, and that a variety of alternate
constructions may be used in the screen 14 in keeping
with the principles of the invention. Prior to and
during a gravel packing operation, relatively
unrestricted flow is permitted through an annular
passage 58 of the bypass device 38 as depicted on the
righthand side of FIG. 6 . The annular passage is
formed between the material 46 and the tube 40. The
fluid portion 36 flows through this passage 58. More
restricted flow is also permitted through a relatively
small diameter passage (not visible in FIG. 6 ) formed
in the tubes 40. The fluid portion 32 flows through
the tubes 40. When the material 46 swells, it blocks
(or at least increasingly restricts) flow through the
passage 58, so that a greater proportion of fluid is
forced to flow through the tubes 40. In this manner,
the restriction to fluid flowthrough the bypass device
38 may be increased during or after the gravel packing
operation. Referring additionally now to FIG. 7 ,
another alternate configuration of the screen 14 is
representatively illustrated. On a right-hand side of
the screen 14 as viewed in FIG. 7 , the bypass device
38 is open, and on a left-hand side of the screen the
material 46 has swollen to 



thereby close the bypass device. In this embodiment
the swellable material 46 is bonded to an inner
surface 72 of an outer tubular component of the bypass
device 38, thereby forming an annular space 74 between
an inner surface of the swellable material and an
outer surface 76 of an inner tubular component of the
bypass device. Prior to and during a gravel packing
operation, relatively unrestricted flow is permitted
through this annular space 74 of the bypass device 38.
When the swellable material 46 swells radially inward
in response to contact with a certain well fluid, the
annular space 74 is closed or at least reduced in size
so as to stop or at least increasingly restrict flow
through the annular space. Another alternative
embodiment of the device shown in FIG. 8 has the
swellable material 46 bonded to the outer surface 76
of the inner tubular component of the bypass device
38, with the annular space 74 formed between the outer
surface of the swellable material and the inner
surface 72 of the outer tubular component of the
bypass device. On a right-hand side of the screen 14
as viewed in FIG. 8 , the bypass device 38 is open,
and on a left-hand side of the screen the material 46
has swollen to thereby close the bypass device. The
swellable material 46 would swell radially outward
upon contact with a certain wellfluid in order to
close, or at least increasingly restrict, flow through
the annular space 74. In any of the embodiments of the
bypass device 38 as shown in FIGS. 6-8, the surface
with which the swellable material 46 makes contact may
be enhanced so as to aid in the swellable material
effecting a seal against that receiving surface. The
surface may be roughened or it may be undulating,
corrugated, or otherwise made non-smooth so as to
enhance the sealing capability of the swellable
material 46 when it contacts the receiving surface. An
example of such surface treatments is shown in FIG. 9
. The inner surface 72 of the bypass device 38 is 



contacted by the material 46, as in the embodiment of
FIG. 8 . In the example shown in FIG. 9 , the inner
surface 72 has serrations or ridges formed thereon to
enhance sealing contact between the material 46 and
the surface. It should be understand that, although
the screen 14 has been described above as being used
in a gravel packing operation and in the well system
10 in which the screen is gravel packed, it is not
necessary for the screen to be used in such gravel
packing operations or well systems. For example, the
screen 14 (or any screen incorporating principles of
the invention) could be used in well systems where the
screen is not gravel packed, or in operations where a
restriction to flow through the screen is not
increased in relation to any gravel packing operation.
It may now be fully appreciated that the well screen
14 and its many embodiments described above provide
significant improvements in the art. Note that, in
each of the embodiments of FIGS. 2-8, the fluid
portion 36 which flows through the bypass device 38
flows in parallel with the fluid portion 32 which
flows through the flow restrictingdevice 34. In this
manner, the closing or increased restriction to flow
through the bypass device 38 which results from
swelling of the material 46 causes an increased
proportion of the fluid 52 to flow through the flow
restricting device 34. Another manner of describing
this feature is that the fluid portion 36 which flows
through the bypass device 38 does not necessarily flow
through the flow restricting device 34, and the fluid
portion 32 which flows through the flow restricting
device does not necessarily flow through the bypass
device. One advantage to using a well screen
incorporating principles of the invention would be to
enable higher flow rates, either production or
injection, during an initial phase of installation,
following which phase the actuation of the bypass
device will function to restrict all or most flow from
or into the well to no more than that allowed 



through the flow restricting device. Such an initial
phase of higher production or injection rate may
benefit the well by enabling it to maintain a higher
sustained production or injection over the life of the
well. Well screens incorporating principles of the
invention may be used in injection or production
operations without gravel packing. Screens
incorporating principles of the invention may be used
to permit a large initial flow rate, for example, to
aid in breaking up a filter cake lining the wellbore,
or to permit high flow rate acidizing or other
stimulation treatments, prior to long term production
or injection. Of course, a person skilled in the art
would, upon a careful consideration of the above
description of representative embodiments of the
invention, readily appreciate that many modifications,
additions,substitutions, deletions, and other changes
may be made to these specific embodiments, and such
changes are within the scope of the principles of the
present invention. For example, it will be appreciated
that bypass devices may be constructed without the use
of swellable material, since other types of valves or
chokes may be used which do not utilize swellable
material. Accordingly, the foregoing detailed
description is to be clearly understood as being given
by way of illustration and example only, the spirit
and scope of the present invention being limited
solely by the appended claims and their
equivalents.WHAT IS CLAIMED IS: 1 . A well screen,
comprising: a flow restricting device for restricting
flow through the screen; and a bypass device for
varying a proportion of the flow which passes through
the flow restricting device, the bypass device
including a material which swells in response to
contact between the material and fluid in a well. 2 .
The well screen of claim 1 , wherein the bypass device
includes at least one passage, the flow through the 



passage being increasingly restricted when the
material swells . 3 . The well screen of claim 2 ,
wherein the material restricts flow through the
passage when the material swells, 4 . The well screen
of claim 2 , wherein the material displaces a member
to thereby increasingly restrict flow through the
passage when the material swells. 5 . The well screen
of claim 1 , wherein the flow is permitted to pass
through both of the flow restricting and bypass
devices prior to contact between the material and the
fluid. 6 . The well screen of claim 1 , wherein
contact between the material and the fluid closes the
bypass deviceso that all of the flow passes through
the flow restricting device.7 . A method of gravel
packing a well, the method comprising the steps of:
installing a well screen in the well, the screen
including a flow restricting device which restricts
flow through the screen, and a bypass device for
selectively permitting relatively unrestricted flow
through the screen; flowing gravel about the screen;
and actuating the bypass device in response to contact
between a material of the bypass device and fluid in
the well, thereby increasingly restricting flow
through the screen. 8 . The method of claim 7 ,
wherein the gravel flowing step is performed while the
bypass device permits relatively unrestricted flow
through the screen. 9 . The method of claim 7 ,
wherein the bypass device actuating step is performed
after the gravel flowing step. 10. The method of claim
7 , wherein the actuating step further comprises
swelling the material in response to the contact
between the fluid and the material. 11. The method of
claim 10, wherein the swelling step further comprises
restricting flow through at least one passage with the
swollen material.12. The method of claim 10, wherein
the swelling step 



further comprises displacing a member with the swollen
material . 13. The method of claim 7 , wherein the
actuating step further comprises forcing an increased
proportion of inward flow through the screen to pass
through the flow restricting device.14. A well system,
comprising: a well screen including a flow restricting
device for restricting flow through the screen, and a
bypass device for varying a proportion of the flow
which passes through the flow restricting device, the
bypass device including a material which swells in
response to contact between the material and fluid in
the well. 15. The well system of claim 14, further
comprising a gravel pack about the screen. 16. The
well system of claim 15, wherein the gravel pack is
installed about the screen prior to the bypass device
increasing the proportion of the flow which passes
through the flow restricting device. 17. The well
system of claim 14, wherein the bypass device includes
at least one passage, the flow through the passage
being increasingly restricted when the material
swells. 18. The well system of claim 17, wherein the
material restricts flow through the passage when the
material swells, 19. The well system of claim 17,
wherein the material displaces a member to thereby
increasingly restrict flow through the passage when
the material swells.20. The well system of claim 17,
wherein the bypass device includes a valve, and
wherein the material is included in an actuator for
the valve.21. A method of gravel packing a well, the
method comprising the steps of: installing a well
screen in the well, the screen including a flow
restricting device which restricts flow through the
screen, and a bypass device for selectively permitting
relatively unrestricted flow through the screen, flow
through the flow restricting device and flow through 



the bypass device being in parallel; flowing gravel
about the screen; and actuating the bypass device,
thereby increasingly restricting flow through the
screen. 22. The method of claim 21, wherein the gravel
flowing step is performed while the bypass device
permits relatively unrestricted flow through the
screen. 23. The method of claim 21, wherein the bypass
device actuating step is performed after the gravel
flowing step. 24. The method of claim 21, wherein the
actuating step further comprises swelling the material
in response to contact between the material and fluid
in the well. 25. The method of claim 24, wherein the
swelling step further comprises restricting flow
through at least one passage with the swollen
material.26. The method of claim 24, wherein the
swelling step further comprises displacing a member
with the swollen material . 27. The method of claim
21, wherein the actuating step further comprises
forcing an increased proportion of inward flow through
the screen to pass through the flow restricting
device. 


