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Abstract: 3,7-Disubstituted phenotbirrzinesanalogousto mcthyleneblue (1) were synthesized

from phenothiazine (6) reacting first with an excess of bromine in acetic acid to give 3,7-

dibromophenothiazin-5-ium bromide (8), accordingto a reaction sequence that involves two

electrophilicaromaticaubstitutiooaandoneoxidation. Subsequently,8 reactingwith rfiallyktmine

or allylmethylamine via two nucleophilic aromatic substitution steps gave 3,7-bis[di(2-

propcnyl)amino]phenothiazin-5-iumbromide(3) or 3,7-bis[methyl,(2-propenyl)amino]pheno-

thiazin-5-ium bromide (4), compoundsanalogousto methyleneblue. The choice of solvent for

the second step is criticallyimprtant ss 3,74ibromophenothiazin-5-irrmbromideis very reactive

and prone to irreversibleoxidation,reduction,and ipso attackat the 3- and 7- positiooa. The best

yields (-63%) for the methyleneblue analogues3and 4 were obtainedwhen CHC13or CH2C12

were employed as solvents for the nucleophilic aromatic substitution step. These solvents

dissolvethe methyleneblueanalogueproducta,but not 3,7dibromophenothiazin-5-iumbromide.

@ 1997Elsevier Science Ltd.

Methylene blue, 1, perhaps the most well-known phenothiazine dye,l and redox
indicator,2was firstdescribedin a GermanPatentof 1877.3Morerecentlyit hasbeenusedas an
opticalprobe of biophysicalsystems,4aas an intercalatorin nanoporousmaterials,4bas a redox
mediator,~andin photoelectrochromicimaging.~ It is synthesizedcommerciallyby oxidationof
N,N-dimethyl-p-phenylene diaminewith Na2Cr207in-thepresenceof Na2S203,followedby
furtheroxidationin thepresenceof N,AMimethylaniline.

1. Rt = R2= R3= R4= CH3

5. RI. R2=CH3, R3= R4= A

Forour studiesof chargeandionpercolationindye-dopedzerogels5wedesignedmonomer
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2 which cross-linksvia hydrolysisand condensationof the -Si(OCHJ3 groups6leading to a
glass-likematerialthat incorporatestheredox-activemethylenebluechromophore. (Monomer2
waspreparedfrom3 viaa H2PtC&atalyzedhydrosilylation reaction.7)

Prepamtionof 3 viatheconventionalrouteof methylenebluesynthesis wouldnot only be
lengthierthan synthesisof 1 itselfas it requirespreparationof specialN-substitutedp-phenylene
diamineandaniline,butalsoinvolvesoxidationstepspotentiallyincompatiblewithaliphaticdouble
bonds.s An alternative two-step synthesis,reported by F: Kehrmann in 1916,9employing
phenothiazine(6)as startingmaterialreactingwithbrominein acetic acid and the productwith
dimethylamineinethanol,remainslargelyoverlookeddespiteits potentialutilityfor the synthesis
of methyleneblue analogues, and the great advances made in the synthesis of substituted
phenothiazinessinceKehrmann’swork.lo In this paper we report the results of a mechanistic
investigationof Kebrmann’smethodpromptedbythefactthatourinitialattemptstoadoptit for the
synthesisof 3 and4 producedonlytraceamountsof the desiredcompounds.In turn,theobtained
mechanisticinsightledtothepreparationofthemethyleneblueanalogies3-5 in goodyields.

RESULTS AND DISCUSSION

SchemeI summarizesour understandingof the mechanismfor the formationof 3 from
phenothiazinq6, accordingto ourmodificationof Kehrmann’sprocedure Thefirst st~ @q.[1])

SchemeI. Syntheticroute for 3.

NaHDl;~
s .ra:nBr::::ocH3c00H”

‘Br”
6 7 8

Eq.[1]

is a sequenceof two electrophilicaromatic substitutionsfollowedby an oxidation. Bromine
providesthe electrophile(Br+)that convertsphenothiazine(6) to 3,7-dibromophenothiazine(7),
and subsequentlyexcessof Br2oxidizes7 to the isolatedbrick-red3,7-dibromophenothiazin-5-
iumbromide(8), whichis precipitatedby additionof water. If only a 4-molarexcessof Br2 is
usedforthe first step,%bothelementalanalysis,l1andFABmassspectrometricanalysis(see
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Figure1)indicatethattheproductisa mixtureof7 and8, wherethereducedform 7 is fhemajor

10085

00

95 e
1-

90 w

0s w

80

75

70 LO

65

60

55

so

4s

40

35

30

25

20

Is

10

5

0

0 1000 2000 3000 4000
0!-1

I

Fiwre 1. HighresolutionFAB-MS(matrix:3-NBA/G1y~A) of the productfromEq.[1]using
a 4:1 molar ratio of Br2 over phenothiazine. Peaks at 354.8631, 356.8614 and 358.8656
correspondto 7, and peaksat 353.8543,355.8564,and357.8629correspondto the cationof 8.

component.Onthe otherhand,by usinga 20-molarexcessof Br2theprecipitatedproductis pure
8 (seeexperimentalsection). Theaeresultssuggestthat a typicalelectrophilicsubstitutiontakes
place~rst,lz (sOthat 8 is form~ via 7) and seemto renderalternativeschemesthat call for an

oxidation9,10a,10bfollowedby nucleophilicaromaticsubstitutions13improbable. It should be
notedthat the sequenceof events,namelysubstitutionvs.oxidation,is a point that couldnot have
beendecidedaprion, as Br2(aq.)(Eo’=1.087V vs. NHE)14seemsto havethe redoxpotentialto
oxidizeeither6 (for whichwe measuredEO’=0.55V and Eo’=0.95V vs. aq. Ag/AgClin glacial
aceticacid/O.25M TBAP),or 7 (forwhichit hasbeenreportedEO’=0.41V and Eo’=0.82V vs.
Ag/Ag+,10-2M in aq. HC104).15In fact, if the latter scenario-namelyoxidationfollowedby
substitution-was correct,a 4-molarexcessof Br2wouldhavebeenstoichiomelricallyenoughto
oxidizeall6 (presumablytothephenothiaziniumcation),in whichcaseno 7 wouldhavebeen
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observed. Furthermore, oxidation of any phenothiazine, e.g., 6, to the corresponding
phenothiazin-5-iumcation,6a, involveslossof two electrons,andif it is carriedout usingBr2as
the oxidizingagent,it mostprobablyproceedsaccordingto Eq.[3];thereforqoxidationshouldbe
inhibited in highly acidic media, (and/or by cations coordinating strongly to nitrogen),

dis”qd!!]-mEq. [3]

‘Br-
6 6a

probablybecominga slowerprocessthanelectrophilicaromaticsubstitution,whichwascarriedout
in aceticacid. Finally,the nuclearpolybrominationdescribedby Bodeaet al.,10bJ6 whichalso
requiresan excessof Br2,takesplacein boilingaceticacid,andwasnotobservedunderourroom
temperatureconditions.

For the second step (Eq.[2]), initially we chose the same solvent as in Kehrmann’s
procedure,i.e., ethanol.gaIn our modificationof thatprocedure(e.g.,synthesisof 3), solid8 was
addedto a stirredethrmolicsolutionof diallylaminewhichturnedimmediatelyto deepblue(Fig.2)

I 1

400 500 600 700

Wavelength (rim)

Fi2ure2. Comparisonof visibleabsorptionspectraof methyleneblue(Aldrich)([1]=1.92.10-S
M; E652=807X104M-lcm-1),17and3 ([3]=1.47x10-5M; 8648=9.lxl@ M-lcm-l)in CH30H.

as8 wasdissolved.A bimolecularrateconstantfortheappemanceof3 is calculatedfromthedata
shownas an inset of Fig. 3A, and is foundequalto 1.OXIO-lM-lS-l.18 In this step, two amine
moleculesreplacebothbromineatomsviaa postulatedsequenceof twoaddition-eliminationtype
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nucleophilicaromaticsubstitutions(Eq.[2]). In agreementwithShine,13bit is suggeatedthat the
positivechargeon sulfuractivatesby conjugationthe3-, and7- positionsfor nucleophilicattack,
therebyits preaenceis criticalfor theconversionof 8 to 3 (4or 5). Indeed,if a smalleramountof
Br2is used for the reactionsequenceof Eq.[1](e.g.,a 4-molarexcessover 6), ~ (air) mustbe
passed(- 0.5 h) throughtheethanolicsolutionof the mixtureof7,8(vkieante), and diallylarnine

400 500 600 700 400 500 600 700

Wavelength (rim) Wavelength (rim)

Fifmre3. A. Visible absorptionspectraof 0.03 mg of 8 upon mixing with 3 ml of ethanol
containingdiallylamine(47.4mM),[8]=2.0x10-5M. Curves;a: 2 rein;b: 5 rein; C: 7 rein; d: 9

min. ~: kineticplot for the calculation20of the pseudounimolecularrate CtXMkint, [kobr -

(slope)],for the appearanceof 3; M.979)
~. Visibleabsorptionspectraof 8 ([8]=2.7x10-5M) in ethanol.Curves;a: 1 rein;b: 8

rein;c: 14rein;d: 26 rein;e: 38 rein;f: 110min(k). (~: kineticplot for the Calculationz”of
the pseudounimolecularrate constant,~ObS=-(slo@],for the disapp~rance of 8 ac~rding to
Eq.[4];r%1995).

for the blue color of 3 (Fig. 2) to appear. It couldbe arguedat this point that air, a cheaper
alternativeto bromine,shouldbe usedto completetheoxidationof 7 to 8 in orderfor the latterto
reactwithdiallylamine.However,thisapproachforthe synthesisof 3-5 mightbe complicatedby
the fact that 8 is prone to irreversibleoxi&tion.21 Nevertheless,the mainpotential source of
complicationfor the secondstepis that, in directcompetitionwithits reactionwith the amine,8
reactsalsowithethanolitself (seeFig.3B)witha pseudounimolecularrateconstantk&~=l.&l@3
s-l (Wlculat~ fromdab shownasan insetofFig.3B)producing3,7-diethoxyphenothiazin-5-ium
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bromide (9)22presumablyvia a sequenceof two nucleophilicaromatic substitutionsas well
(Eq.[4]). t%mpound9isanalogous, andits spectraaresimilartothosereportedfortheelectro-

8
+- JX;CLO.

Eq.[4]

‘Br-
9

chemicallygemratedls two-electronoxidationproductof 3,7-dimethoxyphenothiazine.23At this
pointourreaultssuggeatconclusivelythat theresidencyof 8 in solutionshouldbe keptas shortas
possible,andjusti@whywe havechosentoaddsolid8 directlyintotheaminesolution.

The complicationsimposedby theparallelprocessof Eq.[4]notwithstanding,methanolor
ethanolare logicalchoiceaof solventsforthesecondstepbecausetheyofferexcellentvolubilityfor
the product (3, 4 or 5), and their reactionwith 8 is slowerthan the reactionof the latter with
amines(compareFigures3Aand 3B). In anyevent,formationof 3 is underkineticcontrol,and
the ratio of ~b~ of Eq.[2]vs. Eq.[4]underourpreparativeconditions([diallylamine]= 0.41M;
see experimental section) sets the maximumtheoreticalyield of 3 in ethanol at about 98%.
However,formationof 9 (andthe crosscouplingproductfrom8 reactingwithboth ethanoland
the amine) must be acceleratedin the presenceof the aminebecausethe reactionof Eq.[4] is
probably base-catalyzed,lg and thereforethe actual rate-ratioof the processof Eq.[2] vs. the
processof Eq.[4] shouldbe significantlylessthanthe one calculatedby a simpledivisionof the
kob,ofthose two processesmeasuredindependently.Ourbestyieldof3 in ethanolwas27%.

On the other hand, it is difficult to identify other more convenient solvents for the
nucleophilic aromatic substitution reaction, because 8 is generally unstable in solution:
surprisingly, it reacts even with seeminglyinnocuoussolventssuch as acetone (the solution
decolonizes- similarbehaviorwasobservedby Biehlwiththe one electronoxidationproductof
3,7-dibromo-N-methylphenothiazine and acetone, and was attributed to reduction),lz or
acetonitrile (the solutionturns green),but we madeno attemptto isolateproducts from these
reaetions. Even reaction of 8 with neat diallylamineis also complicated:the solutionturns
immediately to blue as 8 is dissolved, but then it quickly decolonizescompletely as 3 is
presumably reduced by the amine to its leuco form. (Decolonizationwas also observed
independentlyby dissolving3 indiallylamine.)

All our observationsseem to suggestthat probablythe best yields of methyleneblue
analoguesvia our modificationof Kehrmann’sprocedurewouldbe obtainedif we couldemploya
non-nucleophilic solvent that dissolvesthe product (e.g., 3) but not the reactant (8). Such
solventsare chloroformand methylenechloride.In thesesolvents,thereactiontakessignificantly
longer for completionthan in ethanol,but the maximumyieldof the purifiedproduct (3) was
increasedto 63%(seeexperimentalsection).

Despitethe uncomplicatedplotsof Figures3Aand3B,andthe steadyyieldimprovements
via the rationalstepsabove,still a largepercentageof 8 remainsunaccountedfor,both in ethanol
andin CHC13.A likelyyield-compromisingparallelprocessinethanol,wheretheconcentrationof
8 is higherthan in CHC13,is dimenzationof 810b,13b,15viaan ipsoattackfromthe 1O-N
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positionof onemoleculeat the3- and7-positionsof another. Furthemnorejthe fact that theyield
of methyleneblue itself accordingto our procedure(seeexperimental)was 70% in ethanoland
85% in CHC13,indicatesthat probablythe vinyl groupsof 3 are involvedin lowuing its yield,
perhapsviaacid(HBr)catalyzedpolymerization.

CONCLUSIONS

The reaction sequenceof SchemeI turns out to be a fast, wnvenient and inexpensive
methodfor the preparationof phenothiaziniumsaltsanalogousto methylenebluein goodyields.
Non-symmetricmethyleneblueanalogies(e.g.,5: seeexperimentalsection)maybe alsoprepared
by usinga mixtureof amines. Eventhoughtheoriginalimpetusfor this workwassynthesisof2
and polymersthereof,at thispointit seemsthata newkindof polymerscouldbe possiblevia the
step-growthpolymerizationof 8 withdiamines.

EXPERIMENTAL

NMRspectrawereobtainedat WashingtonUniversityin St.Louiswitheithera Unity-Plus
500ora Unity-Plus300 NMRspectrometerbothof VarianCorporation(PaloAlto, CA). FAB-
Mass Spedra we obtained with a VG ZAB-T four sector tandem mass spectrometeralso at
WashingtonUniversityin St. Louis. Elementalanalyseswereperformedby Oneida Research
Services,Inc., Whiteboro,N.Y. Infrared spedra wereobtainedwitha PerkinElmer 1750F“TIR
Spectrometer.UV-Vis. Spectrawere obtainedwith a BeckmanModel 35 Spectrophotometer.
Redoxpotentialswere measuredin Ar purgedsolutionsusinga EG&G263Apotentiostatand a
Kipp & Zonen Y-Y-Y’recorder. The aq. AglAgCl referenceelectrodewas purchasedfrom
BioanalyticalSystems,Inc. (WestLafayette,Indiana).

All kineticexperimentswereperformedat 23OC,usinga two-tube(10 ml each,parallelto
eachother,and fusedat thebottomof a 100mlroundbottomflask),one-cuvette(UV-Vis,at right
anglewith the tubes)tonometerdegassedwiththreefreeze-pump-thawcyclesat 105 Torr while
thecorrectamountof solid8 andtheappropriatesolvent(EtOH)or solution(diallylamineinEtOH)
w=e placedin separatetubea. Thetimet=Ois setat thepointof dissolving8.

Synthesis of 3,7-dibromophenothiazin-5-iumbromide (8): phenothiazine, 6, (2
g, 10.0mmol,Aldrich)wasdissolvedinoxygen-freeglacialacelicacid(120ml),anda solutionof
brominealsoin aceticacid (100ml, 10%v/v, 195mmol)wasaddedto it all at oncewithvigorous
stirring; stirring was continuedfor about one minute, then water (400 ml) was added to the
mixture, the red precipitate was filtered,washedwith diethylether,dried under vacuum, and
identifiedas 3,7-dibromophenothiazin-5-iumbromide(8). Yield:4.35g (9.98mmol),(-100%);
mp -95°C (dec.); IH NMR(CD3COCD3,300MHz)56.66 (2H,d, Jb&8.2 Hz), 7.10 (2H, dd,
Jbc=8.2 HZ, Jab=2.2 Hz), 7.14 (2H, d, Jab=2.2 Hz); IR (KBr): 734(s),771(s), 1256(w),
1328(w),1374(s),1446(s),151O(W),1554(w),1588(w),3020-3080(w)cm-l; elementalanalysis
(Cal. for Cl~H~Br3NS:C, 33.06;H, 1.39;N, 3.21; S, 7.36; Br, 54.99. Found: C, 33.12; H,
1.89;N, 3.26; S, 7.33; Br, 54.49).
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Synthesis of 3,7-bis[di(2-propenyl)amino]phenothiazin-5-inm bromide (3):
to a solutionof diallylamine(3.148g, 32.4mmol)in absoluteethanol(80ml; [diallylamine]=O.41
M) kept under N2,2.011 g (4.6 mmol)of8 wasaddedall at oncewithvigorousstirring. Half
hour later, ethanolwas removedundervacuum,the crudeproductwas dissolvedin chloroform
(200 ml) and extractedonce with aq. HBr (75 ml, 1%w/v) and once with H20 (75 ml). The
organiclayerwasdried(Na2S04),concentrate andtheproductwaspurifiedchromatogmphically
witha shortcolumnpackedwithsilicagel,elutingfirstwithCHC13,andthenwithCHCl#CH30H
98:2VIV,followedby recrystallization(CEQlether), and vacuumdrying. Yield:0.58 g (27%).
(Chloroformeluteaa cherry-redbandwhichwas identifiedwithvisibleabsorptionas 9.22 The
CHCl#CH30H mixturefist elutcsa green-blueimpurity,presumablythe cross-couplingproduct
of 8 with diallylamineand ethanol. A blue impuritythat remainsat the top of the columnis
probablycomposedof dimenzationand polymerizationproducts.) The yield of 3 is improved
dramaticallyby using CHC13(or CH2C12)as solventfor the reactionof 8 with diallylamine:8
(0.998g, 2.3 mmol) was added underN2to CHC13(250 ml) containingdiallylamine(1.14 g,
11.7mmol).The mixturewas stirredfor3 h, andwasworkedup as above. (In chromatographic
purificationchloroformelutesa mixture(byTLC,CHC13,R~O.9)of impuritiesas a pale-green
bandwhichquicklyturnsto an intractableblue-blackmixtureofpigmentsuponexposuretoair. A
blueimpuritystillremainsat thetopofthe column.)Yield:0.68g (63%); mp-1650C(dec.);IH
NMR (CDC13,500 MHz)54.34 (8H,br s), 5.26 (4H, d, .JhF16.8Hz), 5.33 (4H, d, Jh~lO.l
Hz), 5.86-6.08 (4H, m), 7.25 (2H, d, Jbc=8.7Hz), 7.74 (2H,s), 7.93 (2H, d, .lbC=8.7Hz); IR
(KBr): 877(m), l138(m), 1225(s),1326(m),f392(m), 1486(w),1593(s),2930-3050(w)cm-l;
Vis. (meth~ol) ~x, nm (e,M-lcm-l):648(91,000);elementalanalysis(Cal.fOrC24H2sBrN$:
C, 61.54; H, 5.59; Br, 17.06;N, 8.97; S, 6.84. Found:C, 60.85;H, 5.56; Br, 16.54;N, 9.01,
S, 6.99.)

Synthesis of 3,7-bis[methyl, (2-propenyl)amino]phenothiazin-5-iumbromide
(4) was carried out in a similar fashionto the synthesisof 3. mp -1400C (deC.);IH NMR
(CD30D, 500 MHz) 52.1 (6H, S), 3.10 (4H, d, .lgh=2.0Hz), 3.97 (2H, dd, JO=0.98 Hz,
Jhi=15 HZ), 4.05 (2H, dd, JU=0.98,Jhj=10 Hz), 4.67-4.74 (2H,m),6.09(2H,d,Job=2.4
Hz), 6.19 (2H, dd, Jab=2.4Hz, .le~9.6 Hz), 6.645 (2H, d, .l~9.6 Hz); IR (KBr): 532(w),
687(m), 797(m), 837(w), 881(s), 941(w), 994(w), 1037(m), 1141(s), 1196(s), 1249(s),
1348(s), 1396(s), 1450(w),1489(m),1520(w),1597(s),2927-31OO(W)cm-l; Low resolution
FAB(3-NBA/Gly/fTA)ndz 336.2(cation).

For the synthesis of 3-(dimethylamino),7 -[di-(2-propeny l)amino] pheno-
thiazin-5-iumbromide(5), diallylamine(2 ml, 16.2mmol)and dimethylamine(8.1 ml of a 2
M solutionin methanol-Aldrich-,16.2mmol)weredilutedto 500ml withchloroform;8 (2.0 g,
4.59 mmol) was added, and the mixture was stirredunder N2for 3 h. The cross-coupling
product,5, was separatedfromthe sideproducts(1and3) witha sequenceof threeextractions
with CH2C12/aq.HBr,followedby columnchromatographywith silica gel eluting fwstwith
CHC13,andthenwithCHC13/CH30H99:1v/v,andrecrystallizationfromCH2C12/hexane.Yield:
0.67 g (35 %);mp -82W (deC.);IH NMR(CDC13,300MHz)83.47 (6H,br s), 4.27(4H,br s),
5.25(2H,d,Jh1=17.3Hz), 5.34(2H,&J/,,=10.3Hz),5.91-5.97(2H, m), 6.66 (lH>4Jb.=8.4
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Hz), 6.836 (lH, d, Jab=2.0 Hz), 6.88 (IH, dd, Jbc=8.4 Hz, Jab=2.0 Hz), 7.19 (IH, dd,
JeF9.6 Hz, Je~2.7 Hz), 7.31 (lH, d, J@d=2.7Hz), 7.39 (lH, d, Je~9.6 Hz); Low
resolutionFAB (Gly)m/z336.2(cation).

The preparation of 3,7-bis[dimethylamino]phenothiazin-5. ium bromide
(methyleneblue: 1) was carriedout in ethanoland in CHC13usingin both caaea1.0 g (2.29
mmol) of 8, and 6 ml of a 2 M solutionof dimethylaminein methanol(Aldrich) (12 mmol),
followingthe conditionsfor theprepsrationof 3 above. Because1 is solubleinwater,extractions
were omitted from purification,and 1 was elutedfrom the columnwhen the CHCl#CH30H
mixturewas95:5 (v/v). Yieldin ethanol:0.58g (70 %),and in CHC13:0.71g (85%). IH NMR
(CDC13,300 MHZ) b 3.49 (12H, S), 7.29 (2H, dd, Jab=3.0 Hz, Jb~7.9 Hz), 7.55 (2H, d,
Jab=3.0Hz),7.95 (2H,d, Jb&7.9Hz);LowresolutionFAB(3-NBA)tn/z284.1(cation).
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