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1. INTRODUCI’ION 

Since itsdiscoveryin 1910, uinhydrin (la, 1,2,3-indanetrioneor l&3-triketohydrindene) hasestablisheditselfas 
an important analy%ical tool in the folds of chemistry, biochemistry, and forensic science. Despite the widespread 
application of ninhydrin, most text-books, with few exceptions,’ either do not list the compound or rnisepresent its 
important reaction with amino groups. The purpose Of this review is to initiate a xenaissance of interest in this unique 
compound. This is pardcularly timely in view of the mcent ~vesti~ti~s of t&a&my1 compounds in synthe~is,~~ and 
the occurrence of this m0iety in a natural pmduct such as FIWO6, a potent immunosuppressor,4 and rapamycin, an 
antifungalantibiotic.5Thechemistryandearlyapplicationsofnlnhydrin,as wellasup-todatestructuralandme&anistic 
studies on Ruhe~‘s pu@e (~~hy~dy~~~ohy~ or DYDA), the colored compound which 
results from the reaction of ninhydrin with an amine functionality, will be discussed. JZarly syntheses of ninhydrin and 
novel synthetic approaches to ninhydrin analogs will be examined. Finally, the current and projected chemical, 
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biochemical, and f&c applications of ninhydxin and its analogs will be discussed. ‘Ihis teview does not intend to be 
comprehensive, since there axe a number of such reviews in the literac~re.“~~ 

2. HISTORY 

2.1. Discovery 
Thediscoveryofninhydrin was achanceoccuuence whichhada significantimpacton thescientificannmunity. 

Siegfried Ruhemann. a professor of chemistry at the University Chemical Labomtories at Camlxidge Uni~ersity,~ 1 
attempted to make a dicarbonyl compound by the reaction of l-indanone withp-nit followed by 
subsequent hydrolysis of the imine (Scheme 1).12The desired 1,24ndanedione was not formed, but instead a triketone, 
1,2,34ndanetrione (ninhydrin) was the final produ~t.~~ Niiydrin (la) exists as its hydrate in the presence of water (lb). 

0 NO 0 

+ KOH. EtOH, 0 ‘X 

NM2 NR 

0 0 
dil.H$SO4 , 60 lo 70 Oc 

o + Hz0 - 

la lb 

Scheme 1 

Perhaps it was also a coincidence that Ruhemann allowed this tricarbonyl compound to react with ammonia and 
amines.13 The colored compounds that resulted stimulated Ruhemann’s curiosity, and he quickly established the 
potential of la as a qualitative and quantitative tool in the bioanalytical and bioorganic chemistry of amino acids, 
peptides, and proteins. In the thorough studies that followed, 14-17 Ruhemann laid down the foundations of ninhy- 
drin chemistry and it is appropriate that the deep blue compound, which he accurately characterized16and studied, 
be known as Ruhemann’s purple (2). 

lb 2 

2.2. The Mechanism of Formation for Ruhemads Pwple. Reactions of Ninhyakin with Amine Functionalities 
Because of its significance in the detection and quantitative estimation of u-amino acids in peptide chemistry, 

Ruhemann’s purple became the focus of numerous shuctural and mechanistic studies. The reaction of an amine 
functionality with ninhydrin has been studied for some 80 years. During this time, various mechanistic interpretations 
have been set forth. The formation of Ruhemann’s purple involves three general steps: 1) the initial attack of the amine 
function on ninhydxin; 2) oxidation andreduction steps leading to intermediates along the pathway; and 3) formation of 
Ruhemann’s purple from these intermediates. 
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22.1. Initial Attack. The initial attack on ninhydrin is shown either as a S,2 displacement of one of the hydmxyl 
groups of ninhydrin hydrate by the amine function, ~18orasaSchiff’sbasecondensationinvolvinganamineattackon 
the central carbonyl of the anhydrous keto form. lg.20Sincetheketoforof~y~~~~~~~~~i~hy~, 
itisreasonabletoassume that the reaction pmceeds by nucleophilic attack on the carbonyl, especially since a Schiffs 
base is an intenmdiate in the mechanism. 

When ninhydrin reacts with an u-amino acid, ammonia and carbon dioxide are produced, along with an akiehyde 
with one carbon less than the a-amino acid This reaction is a special case of the more general Strecker degradation, a 
aansformation in which a carbonyl group conjugated to another carbonyl or nihu group reacts with an c+amino acid to 
give carbon dioxide and an akiehyde after hydrolysis, (Scheme2).21 Inorganic oxidizing agents such as ozone, hydrogen 
peroxide, and silver oxide can also be used to initiate the reaction. The ease with which carbon dioxide is lost depends 

N--\ + CR + H+ 

R 

lb + 
100 Oc, 4 min 

17% 
+ co, + colored + H+ 

productr 

3 4 

Scheme 2 

ontheabilityofthegroupalphatothecarbonyloftheacidtoaccommodatetheelectronpairprovidedbythelossofcarbon 
dioxide. The reaction has been used for the quantitative estimation of a-amino acids by measuring the amount of carbon 
dioxide evolved.21 The ninhydrin reaction has also been used as an aldehyde synthesis, albeit a poor one (Scheme 2). 
Huff and Rudney synthesized lactaldehyde (4) by the reaction of ninhydrin with threonine (3).22 

A mechanistic description of Ruhemann’s purple formation has to accomodate the fact that a-amino acids reaCt 
withninhydrinfasterthanamines.Compoundsthatcontainothernucleophilicgroupsclosetothe~g~ofuncdon 
form cyclic intermediates that either are not converted to Ruhemann’s purple or areconvertedonly slowly. Faexample, 
the low c&r yield observed with aminothiols such as cysteine is due to competitive nucleophilic displacements of the 
amino and sulfhydryl groups to give products 5 and 6, zspectively (Scheme 3).= product 5 can then react tier to 
produceRuhemar.n’spmple,butproduct6cyclizesto7,whichpreventsfintherreactionoftheaminefunctionality.Rapid 
cyclization also occurs with amino acids such as methionine, ornithine, and lysine, as well as with penta- and 
hexarnethylenediamine.23 These cyclizations are reversible, but the stability of the cyclized product is such that 
Ruhemann’s purple formation is essentially suppressed. 

AUUcylacetamides react with ninhydrin to afford 1,3,3a,8a-tetrahy~3a,8adihydroxy-l-alkylindeno[2,l- 
blpyrmle-2,8diones (8, Scheme 4).% This reaction is believed to involve a 2-IQtlky~2-hydmxyin~-1,3- 
dione (9) in equilibrium with its enamino tautomer (10). An intramolecular aldol condensation, followed by proton 
transfer affords product 8, thereby preventing forma&m of Ruhemann’s purple. 

Other amino acids that do not give Ruhemann’s purple or evolve ammonia are pmline, hydroxypmline, and 
tryp~phan.Cyclicsecondaryaminesandaromaticaolinesalsofailtogive2,butformcoloredderivatives~sponding 
to one molecule of ninhydrin and one molecule of the amine. With aromatic amines. the electron shifts necessary for 
deamination are energetically unfavorable due to the loss of ammaticity z 
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2.22. Proposedhmmediates. A compound that has figured prominently in discussions of the mechanism of the 
ninhydrin reaction is hydrhtdantiu (11, Scheme 5). Authentic samples of this compound may be prepated by reduction 
of ninhydrin hydrate with ascorbic acid Reuoaldol cleavage of hydrindantin gives 2,3-dihydmxy-l-in&none, the enol 
fo~of2-hydroxy-l,3-indanedione(12)andninhydrin,fo~owedbytherapidairo~tionofcompound12toninhydrin. 
Product 12, containing an enediol stabilixed at the u-position, is a reductone and is expected to have strong reducing 
properties.26 Therefore, the reaction of 12 and lb to form 11 is an oxidation-reduction reaction. Hydrindantin is some- 
timespostulatedasanintetmediateinthepathwaytoRuhemann’spurple, whileinothercasesitsformationisconsidued 
asidereaction. Someofthefactsagmeduponsm: 1) hydrindantin (ll)~formedwhen~oacidsIleactwithninhydr 
2) compound 11 also reacts with ammonium salts to give Ruhemann’ s purple; and 3) in dilute all&ine solution 11 gives 
a red color and in concentrated alkaline solution it gives a blue color. 

MacFadyen investigated this last observation. 27 The structure of the red-colored compound is believed to be due 
to the formation of the monovalent anion of the indanoneenediol(13a). The blue color is attributed to the divalent ion 
of this same compound (13b). Under anaerobic conditions, the two colors am interconvettible by acid-base titration. The 
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oxidation products for l3a and 13b are dcarboxyphenylglyoxal(l4) and c-carboxymandehc acid (IS), respectively 
(Scheme 5). 

“I lb 

,b +Ho&: - m--& &.Hyb 

OH 0 0 0 
ascorbic acid 

1% 
red 

Scheme 5 

13b 
blue 

Anotherintermediateofin~restis2-amino-lJ-indanedione(16).Undersomereactionconditions, 16canreadily 
undergo oxidation to 17. Mechanistic studies have suggested the intermediacy of 12 and 16. proposing that the 2-amino 
derivative (16) reacts with ninhydrin hydrate to give Ruhemann’s purple or is hydrolyzed to the 2-hydroxy derivative 
(12), which reacts with ninhydrin hydrate and produces hydrindantin (11). The conditions of the reaction am the deter- 
mining factor in the reaction’s outcome. It has also been propomd that Ruhemann’s purple is actually formed from the 
reaction of 2-imino- 13-indanedione (17) and 2-hydroxy- 1,3-indanedione (12). 

0 OH 

NH, 

0 0 
16 

17 

2.2.3. Stability ofRuhemann’s Purple (2). The stability of Ruhemann’s purple has been investigated by Friedman 
and Williams who observed the decomposition of 2 under certain traction conditions.” Compound 2 is susceptible to 
hydrolysis. oxidation, and photolysis. Although it is relatively stable in neutral and basic solutions, the dark blue 
compound undergoes acid hydrolysis to produce ammonia and hydrindantin (11). The acid strength of 2 is comparable 
to sulfuric acid, and its pKa is approximately zero. This estimation of the pKa was based on the observation that the rate 
ofhydmlysisof2i withincreasingacidityuntilitreachesapHofzero,whereitlevelsoff.GivenitspK,Ruhemann’s 
purple is expected to exist entirely in its ionized salt form in the pH range of 4 to 14. The ionized form of 2 is stable to 
attack by hydroxide ion. However, strong acid medium will destroy electron delccalization and generate an electrophilic 
site at the imine function, thus leading to hydrolytic cleavage. Ruhemann’s purple is hydrolyzed ten times more slowly 
in the presence of 8090% DMSO than in water at room temperature. Oxkhxing agents reduce the yiekl and stability of 
Ruhemann’s purple by oxidizing the intermediates, thereby preventing the fanmation of the purple compound. Exposure 
to daylight, especially in the presence of oxygen, also destroys 2. 
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2.2.4.MechanisticStudiesofRuhemann’sPzupleFo?mation. Asearlyas 1910,tbestmcmre andmechanismfor 
the formation of Ruhemann’s purple (2) were being investigated by Ruhemann,1~t3~1S~17 who assigned a structure to 
the ammonium salt of the colored product on the basis of its resemblance to murexide (20). the product of alloxan (18) 
or alloxantin (19) and amino acids (Scheme 6).15 Alloxantin (19) bears a striking similarity to hydrindantin (11). The 
mechanism postulated by Ruhemann (Scheme 7) failed to explain the details of the formation of Zhydmxy-13- 
indanedione (12) and 2. He observed that a-amino acids reacted with ninhydrin faster than amines, yet was unable to 
explain color formation i?om amines. This phenomenon was later explained by others and will be addressed. 

HO OH 
0 9% 0 

18 

or 

Scheme 6 

0 0 

Ib 
0 HzN COzH - OH 

lb 12 

Scheme 7 

AlthoughtheyagreedwlthRuhemann’sstructuralassignmentforthecoloredcompound,HardingandWameford?8 
and Harding and MacLeat~~ proposed a slightly modified mechanism of formation. Their interpretation explained how 
ammoniumsaltsreactedwithninhydrintoproduceacoloredproducS28butdidnotexplainwhyaminoacidsreactedfaster 
than amines, even though a common intermediate, ammonia, waspostulated?g The tirst step of the proposed mechanism 
involved loss of ammonia from the amino acid to give an a-ketoaldehyde, which was subsequently ox&cd to an 01- 
keto acid. Such a reaction is unlikely as this transformation does not occur in the absence of ninhydrin. The source of 
carbon dioxide is more likely the amino acid rather than the a-ketoacid, since the former loses CQ more readily. 

MoubasherandSch~nbergsuggestedamechanismbasedontheStreckerdegradation(Scheme2),21.30which was 
further elaborated by McCakhn,6 and Johnson and McCaldin31 to account for the formation of products 2 and 11 in the 
reaction of ninhydrin with amino acids, imino acids, and amines (Scheme 8). The formation of hydrindantin was shown 
as a side reaction that was not directly involved in the color-forming pathway. Johnson and McCaldin reasoned that since 
the 2-amino-1,3-indancdione (16) was a common intermediate in the formation of both 2 and 11, excess ninhydrin in 
amino acid analysis would prevent formation of 11 by driving the equilibria toward product 2?l which was found to be 
true.Theproposedmechanismalsoexplainedwhyaminoacidsreactfasterthanaminesandammonia,astheformercould 
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lose carbon dioxide via the adjacent carboxylate, while the Iatter involved cleavage of a carhon-carhon or carhon- 
hydrogen bond. The appeatance of the aldehyde, carbon dioxide, ammonia, hydrindandn, and Ruhemann’s purple were 
all rationalized, and a common mechanistic mute could he employed for amines, imino acids, and amino acids. 

The critical natum of the Hyde caution was also noted hy others. MacFadyen and Fowl~~~n~ 
themost~~u~s~yoftheroleofhydrindantin(ll),nhowever,~theirmechanismforR~~‘spurplefonnation 
includeddimer 11 as an active participant in the color fomaing pathway. These authorsohserved that when hydrindantin 
reactedwitha-~oacidstheredcolorduetohydrindantindisappearedat arateequaltothefarmationofRuhemann’s 
purple. It was postulated that the 2-hydroxy-1,3-indanedione (12) came t&n hydrolysis of hydrindantin (11) since one 
molecule of 12 was used for each molecule of product 2 formed. 

Wittmann and co-workers examined the mechanism of the ninhydrin reaction using dihydrophenalenetrione as 
a model (Scheme 9).32 They reported a direct reaction between two moles of 1,2,3-trioxo-2,3dihydrophenalene (21) 
and one mole of an a-amino acid to form the corresponding ~s(3-h~xy-l~x~hen~en-2-yl~e (22). This in- 
termediate, on treatment with sodium hydmxide, was reported to form 23, which is an analog of Ruhemann ‘s purple. 
The reaction of 2-~~3-h~xy-l~x~~~ (24) and ~h~~-l~h~~e~ (25) yielded 22, which 
affonled 23 after ueatment with sodium hydroxide in methanol. Based on their studies, Wittmann suggested a role for 
11 in the formation of 2-hydroxy-1,3-it&me&one (12).% As shown in Sehetne 10, compound 12 could react with 2- 
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amino-l,3-indanedione(16)togivetheanalogof22,whichcouldformRuhemann’sp~le(2)underthesameconditions 
reported for 22. 

0 
OH ’ 

a-&+ &OH 

0 Ho 0 0 OH 

11 lb 12 

12 + NH, - 2 

16 

Scheme 10 
Wittmann’s mechanism has some drawbacks. Treatment of compound 22 with sodium hydroxide in methanol is 

shown to result in oxidation. Although a reaction between compound 12 and 16 might give a compound analogous to 
22, dehydrogenation seems unlikely under aqueous conditions. It seems mote likely that intermediate 16 is oxidized to 
2-i~~l,3-indanedione(17)bytheninhydrinpresent(lb).However,theirconclusionthatcompoundslband12come 
from 11 is reasonable. 

LamotheandMcCormickexpandedonthemechanismofthereactionofaminoacidswithninhydrinandexplained 
the dependence of color formation on hydrindantin concentration, 33 which had already been noted by MacFayden and 
others. The behavior of the various intermediates was investigated by voltammetric techniques and rate constants were 
calculated by conventional kinetic methods and digital simulation programs LamotheandMcCormickbelievedthatthe 
reaction between 1 and an amino acid first afforded the enolic fotm of 2-amino- 1 ,findanedione (16) and an aldehyde 
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withonelesscarbonthantheoriginalaminoacid.Thenueofthisreactionhadalreadybeenshowntodependonthe~ 
of the amino acid, with the rate determining step being thenucleophilic displacement ofthe hydroxyl pup of ninhydrin 
hydrate by a nonpmtonated amino grot~p.~* Lamothe and M&ormi& observed that the enolic form of zamino-1,3- 
indanedione (16) underwent hydrolysis to give 2-hydroxy-l%ndanedione (l.2) and ammonia.33 They suggested that 
compound 16 (-0.05 v) was unstable in a solution containing ninhydrin. An oxidation-reduction reaction should take 
place to give the conesponding 2-imino derivative 17 and 12.2~Amino1.3~indanedione (16) is abetter reducing agent 
than ascorbic acid (+0.2 v), which is known to reduce 1. Compounds 17 and 12 would then react to forma, which was 
shown to be favored by a factor of seven over the hydrolysis of 17 when externally-added ninhydrin was present 

ThefactorsthataffectthestoichioIlletryofformationofRuhemann’spurplewereconsideredindetailbyFriedman 
andWilliamsandtheirproposed~hanismisshowninScheme11.23Thismechanismisv~s~tothatofLamothe 
and McCormick.1g but does not incorporate the last step before the formation of Ruhemann’s purple, where the 2-imino- 
1,3-indanedione (17) reacts with 12 to give the colored adduct. Furthermore, Friedman and Williams proposed an initial 
Schiffsbasecondensationratherthananuclepphilicdisplacement23Theyshowedthat~~ntarninoacidsreactwith 
ninhydrin at different rates and, since the reaction involves multiple steps, there are several stages at which the amino 
function might be diverted from forming Ruhemann’s purple. However, the loss of carbon dioxide and the formation 
of the aldehyde are essentially irreversible. 

In most analytical methods (pH 2 4, excess ninhydrin), the intermediate 2-aminol,3-indanedione (16) could be 
rapidly trapped by excess ninhydrin to form Ruhemann’s purple (Scheme 11). However, at low ninhydrin concentration, 
16 could degenerate to ammonia and 2-hydroxy-1,3-indanedione (12) before beiig trapped by 1. Low pH gave rise to 
fast acid-catalyzed hydrolysis of 2. High pH and high hydrindantin concentration yielded Ruhemann’s purple nearly 
quantitatively, while at low pH and low hydrindantin concentration the yield of 2 was greatly diminished. At high pH 
the amino group exists in its neutral form and can therefore act as a nucleophile. At low pH the protonated amine is no 
longer nucleophilic. Because all steps arereversible, excess 11 should drive the equilibrium towards 2. Variable amounts 
of Ruhemann’s purple are formed from the reaction of ammonia and ninhydrin, even in the absence of 11. 

In the presence of nucleophiles such as cyanide ion, at pH levels below 6. ninhydrin disproportionates to give 
hydrindantin and phthalonic acid (26).34 

lb 11 26 

In 1978, Bottomm reviewed the possible mechanisms for the formation of Ruhemann’s purple and concluded that 
the one postulated by Friedman and William$ was the most consistent with the experimental findings. It may be difficult 
to discounttheconclusionsofLamothe andMcCormick, who suggestthat2-imino-l,3-indanedioneand2-hydmxy-1,3- 
indanedionearetheactualreactantsinRuhemann’spurpleformation. lgHowever,bothpathwaysinvolveanintermediate 
2-amino-1,3-indanedione (16). Free ammonia rather than compound 16 is shown’in the mechanisms proposed by 
Ruhemann and in those found in most organic chemistry textbooks. Ninhydrin is assumed to react with an amino acid 
in its carboxylate form to give Ruhemann’s purple. In the case of an amino acid, an imino acid, or an amine, a common 
aldimine is formed, which is hydrolyzed to the intemrediate 2-amino derivative 16. Compound 16 can then react with 
more ninhydrin to give Ruhemann’s purple and/or be oxidized to 17, which reacts further with 12. 

The involvement of a 13-dipohu species was invoked in the decarboxylative transamination of a-amino acids, 
andthis~ctionisdirecdyrelevanttothemechanismoftheninhydrinreactionwitha-aminoacids.35-371,3-Dipoleformation 
is a prototropic process that involves a formal 13-hydrogen shift in “X=Y-ZH” systems where. the central atom must 
possess a lone pair of electrons. This behavior is exhibited by many imines, hydrazones, and oximes, and can be 
demonstrated by trapping their 1,3dipoles as cycloadducts. Imines of a-amino acids and their esters also provide good 
examples of this prototropic proces~.~~~ The tmnsamination pmceeds in such a way that the intermediate imine 
undergoes decarboxylation via a zwitterionic form that generates the 1,3dipole. The final location of the proton in the 
neutral imine product depends upon a kineticallycontrolled proton transfer to the site of the dipole with the greatest 
electron density. 
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Reaction of ninhydrin with an a-amino acid, in the presence of N-phenylmaleimide, gave the corresponding 
cyclo;ldduct(28,Scheme12)withstereospecificityandingoodisolatedyieldviaanendotransitionstate.34Decarboxylative 
transamination produces the aza-allylic species 27, which can undergo cycloaddition when an appropriate dipolarophile 
is present. Interestingly, when alternative carbonyl compounds are employed, more vigorous reaction conditions are 
necessary. 
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2.3. Sties on the Structure ofRuhemands Purpk 
In 1911, Ruhemann elucidated the structure of the violet compound 2, he had obtained. He recognized that this 

product was the carbocyclic analog of known compounds such as purpuric acid, the unstable acid corre~nding to 
murexide (20, Scheme a>, and rubamnic acid (29). l6 The struchral assignment of 2 met with unquestioned acceptance 

0 

29 

throughout many decades. Ruhemann postulated that the ammonium cation associated with 2 was involved in its color. 
However, both MacFaydenp’ and Moore and Stein 42 showed that *tie color was intrinsically associated with the anion 
and that the sodium and potassium salts of 2 had identical molar absorption coefficients. In 1948, Moore and stein 
reported the elemental analysis of Ruhemann’s purple, which was in agreement with the original structu~.~~ An infrared 
spectrum of 2 showed an absorption at 1670 cm-l, which was consistent with a delocalized shuctut~.~~ 

Friedman observed two resonances of equal intensity in the aromatic region of the proton nmr spectrum (DMSO- 
d6) of compound 2.z These signals were attributed to the anxnatlc protons of the two nonequivalent indanedione rings. 
The aryl groups ate equivalent when the resonance delocalization of 2 is taken into account, therefore, these protons 
should exhibit one signal. It had been suggested that the two resonances might be due to protons ortho and me&a to the 
live-membered rings, but this view was dismissed since these protons were shown to exhibit chemkxl shift equivalence.. 

Wigfield and co-workers decided to nxvaluate previous results and assigned the aromatic protons unequivo- 
~ally.~ Their studies involved multiple reactions of ninhydrin with glycine, followed by ‘H-nmr analysis of the adduct. 
The spectra obtained by Wigfield showed considerable variations and were not reproducible from one reaction to 
another.44 In some instances the 6 7.65 signal wti considerably more. intense than the signal at 6 8.00. Sometimes the 
lattersignalwasnotpresent.Othertimesanadditionalsignalwasobservedat66.50withanintensityapproximately25% 
of the signal at 6 8.00. Both 6 6.50 and 8.00 signals diminished over time with the simultaneous appearance of signals 
at 6 8.07 and 7.70. The resonances at 6 6.50 and 7.70 disappeared upon addition of QO. 
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Wigfield mdo&imd that the signal at 8 7.65 must be the resonance corresponding to the aromatic protons of 
Ruhemann’s purple.44 The other signals at 8 6.x) and 8.00 were believed to be hydrlndantin (11). This was contirmed 
by an independent -on of the ‘H-nmr of 11. The disappearance of the signals at 6 6.50 and 8.00 is in agreement 
with the chemistry of hydrindantin. which undergoes mtmaldol cleavage to ninhydrin and Zhydmxy- 13~iudanedione 
(12) with subsequent air oxidation of I2 to 1. An authentic sampleof ninhydrin shows these same two signals at 6 8.07 
and 7.70. 

Wigfield also studied the 13C-nmr of compound 2 and observed the expected S-line pattern with the expected 
multiplicitypattems~goff-~~decoupledspectraqqSignatsat1~.7ppmaod132.8ppmwereassignedto~e 
aromaticcarbon~onhoa~~~~gj~~o~Thesignalatl38.4ppmwasfolmdtobesolventa 
In DMSO, it was considerably more intense than a signal at 139.9 ppm, while in DMSO-de the 138.4 ppm resonance 
was not observed. W&field assigned the signal at 138.4 ppm to the carbonyl carbons and the signal at 139.9 ppm to the 
ring junction carbons. 

Under mild conditions the unstable patent acid 3Oof Ruhemann’s putple, which can exist as thme tautomers, can 
beprepared.Wigftedandco-workersbelievedthe13C-nmrdatatobemostconsistentwithtautomerB.~~~attributed 
thesymmetricS-linepa~mtoanyoneof~e~u~(A~),but~~~~e~yl~~~I81.7~marsupport 
forthetetracarbonyls~c~B.Anupfieldshiftwoutdhave~expectedforei~~AandCbecauseoftheffieenolic 
na~ofthesetaut~.Theinfnvedspecrmm~ylabsorptionat168ocm‘tofthe~tacidwasaIsojudged 
to be in agreement with structure B. It was assumed that the solubility of 30 ruled out the zwittuionic suuctum C. 

30 

A mom recent investigation of pmtonated Ruhemann’s purple (30) did not corroborate Wigfield’s assignment,~ 
butrathershowedthep~tao~tobethes~ble~-pm~M~zwitterion(C).34Thezwitterionassignmentofprotont 
2 was based on trapping expariments andx-ray analysis. 35 The ultraviolet spectrum of protonated Ruhemauu’s purple 
30 & CI-IC& 485 (E 16,CKXl}] was also in accord with a 2~~~. The cyckraddition reactions (4x + 2x) of 30 with 
~~l~~es such as ~-ph~y~e~, maleic ~y~de, and methyl propiolate pmduced the mg 
cycloadducts in yields of 89% (31),7S% (32), and 76% (33), respectively, lending support for the xwitterionic smtcture 
C. 

In conclusion, Ruhemann’s original structural assignment seemed essentially correct By employing madem 
spectroscopic techniques, Grigg and co-workers have established that 30 is a zwitterion with the positive charge on 
nitrogen.% However, considering the tautomeric nature of 30, one might su&Iest that A-C am equilibratin 

f 
and am 

dependent on solvent and pII. The effects of these conditions were not considered by Wigtield4Q or Grigg? Further 
investigations might elucidate the influence of solvent and pH on this tautomeric equilibrium. 

0 

cqjJyf$ cJpJ+ I ’ i ..O I ’ 
0 E &o 

0 x 0 
CO*Me 

(31) X - NPh 
(32) X-0 33 
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3. SYNTHESES OF NINHYDRJN AND lT!J ANALOGS 

3.1. Ilurodl4ction 
Ruhemann’ssynthesisofninhydrinfmm 1-indanoneandthe subsequentdiscoveryofthemactionoflwitbamino 

functions were the result of serendipity. Ruhemann and other investigators soon real&d tbe potential of this reagent in 
the analysis of amino acids. The many applications of ninhydrin in chemistry, biochemistry, and its recent use in forensic 
science, stimulated numerous studies to find more efficient mutes to the 22-dihy~xy-1.3~indanedione system. 

Ninhydrin is the most commonly employed reagent for revealing latent fmgerprints on paper and other porous 
surfaces, where it reacts with the amino acids of fingerprint deposits that am released by ecuine sweat glands. This 
techniquealthoughuseful,isnotwithoutproblems.Thedevelopmentofanalogswithimprovedopticalpropertiestomeet 
thespecificrequirementsofforensicapplicationswasproposed.Itwasreasoned,aprion’,thatothertriketonesmightreact 
withaminoacidsaswellarbettertoproducecoloredvativeswiththedesiredcharacterstics. ChemicalmodiIications 
of ninhydrin were undertaken to produce derivatives better suited to forensic needs. ‘Ihe shortcomings of ninhydrin- 
developed fingerprints relate to problems with contrast and visualization. Gn dark surfaces (e. g. brown paper bags) or 
melamine-coatedsurfaces(e.g.banknotes,checks,orpostalmoneyorders),backgroundcolorationobsc~thecontrast 
between the background and the fingerprint, which prevents successful print retrieval A solution to this problem is to 
treat the ninhydrindeveloped fingerprints with group II metal salt solutions of zinc, cadmium, or mercury. This protocol 
changesthecoloroftheprintand,insomeinstances,makesitphotoluminescent.However,theprocedureisnotapplicable 
to paper surfaces with high background luminescence. Latent fingerprint detection can also be improved by using lasers, 
which serve to excite fingerprint fluorescence and are used in conjunction with metal salt treatment and chemical 
modifications of ninhydrln to enhance visualization. In 1985, Ahnog and Menxel reported that latent prints treated with 
benzov]ninhydrin (34) and sprayed with zinc chloride, exhibited greater detectability using a neodymiumyttrium 
aluminum garnet (Nd:YAG) laser than those treated with the parent compound 45 Subsequent investigations have 

OH & OH 
0 

34 

produced other ninhydrins with desirable fluomgenic properties that will be discussed in Section 4.43. Because of the 
usefulness of ninhydrin analogs and derivatives as reagents in the detection of latent fingerprints either before or after 
treatment with a metal salt solution and/or exposure to laser light, the synthesis of substituted ninhydrins is an area of 
practicalimportance.Theearlysyntheticefforts,theproblemsencountered,andthemorerecentdevelopmentsinthefield 
will be discussed. 

3.2. Retrosynthetic Analysis and Early Syntheses 
Before chmnologically reviewing the syntheses of ninhydrin and its analogs, the oxidation and cyclimtion 

methodologiesemployedwillbediscussed.Manyofthesynthesessharecommonfeatures,asshownintheretrosynthetic 
analysis in Scheme W. The majority of syntheses of ninhydrin and its analogs have involved the oxidation of the C-2 
position of a 1,3-indanedionedative as the fmal step (path a, Scheme 13), although a few recent investigations have 
chosen to oxidize the 1-indanone (path b), as Ruhemann did. Some of the early oxidation procedures employed were: 
1) treatment with p-nitrosodimethyhniline, followed by hydrolysis; l2 2) selenium dioxide oxidation in aqueous solu- 
tion;46*47 3) diaxodxation. treatment with tert-butyl hypochlorite. and hydmlysis;48 and 4) nitration and lnomination of 
the 2-position with subsequent hydrolysis of the 2-bmmo-2-nitro-1,3dionedione.49 

The first procdure was devised by Ruhemann (Scheme l).l* Both procedures 2 and 3 involve safety haxards as 
they utilize the toxic reagents selenium dioxide and tosyl axide, respectlively, but some recent syntheses of ninhydrin 
analogs have utilized these n~thod.s.~5~ The last protocol was introduced by Wanag and Lode in 1938 (Scheme 14), 
after attempts to oxidize the 2-position via hydrolysis of the 2-oximino group and oxidation using cerium sulfate failedpg 
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a d 

COaH 

Scheme 13 

la 
I 

lb 
Scheme 14 

Nitration of 13-indanedione afforded 2-nitroindanedione (35), which was bmminated to yield 36. When 36 was 
heated in nitrobenzene at 210 ‘C, decomposition occurred to give equal parts of ninhydtin (la) and 2,2dibmmo-1,3- 
indanedione (37). Recrystallization of ninhydrin from water afforded the hydrate. Although this synthesis involved 
several steps and produced equal parts of ninhydrin and derivative 37, the procedure was simple and inexpensive, and 
the overall yield was only slightly lower than those obtained by other methods.‘tg Subsequently, it was found that the 2,2- 
dibmmoindanedione 37 could also be converted to ninhydrin in high yield (see Section 3.3.1.). 

Procedure 3 was used by Regitz and Adolph to synthesize ninhydrin from 2-diazo1,3-indanedione (38, Scheme 
lS)~24,5-Benz(F1,2,3-indanetrione(benzo[e]ninhydrin)and5,6-benzcF1,23-indanetrione(benzoV]ninhydrin,34)were 
alsopreparedinboththeiranhydrousandhydratedformsfromthecorresponding2-diazoderivatives.52Whencompound 
38wastreatedwithrert-butylhypochloriteinethanol,2,2-diethoxy-l,3-indanedione(39)wasformed.Whenthereaction 
was run in formic acid, 2-chlom2-fotmyloxy- 1,3-indanedione (40) was obtained. Heating eitherproduct in mineral acid 
provided lb in good yield (86%). The same investigators also oxidized 1,3dioxo_2diazol,2dihydmphenalene (41) 
to 1,2,3-nioxo- 1,2dihydrophenalene (42) utilizing this method.53 

Insomeinstances,cyclizationofaprecursortogivethefusedfive-memberedringdionegivesanintermediatewith 
the correct oxidation state at the 2-position, and then only functional group interconversion is needed to obtain the 
tricarbonyl function (path c, Scheme 13). The earliest synthesis involving such a transformation is that of Becker and 
Russell (Scheme 16).%ls5 Condensation of diethyl phthalate with dimethylsulfoxide in the presence of sodium 
methoxide gave 2-methylsulfinyl-1,3-indanedione, which underwent a facile Pummerer rearrangement with a variety 
of nucleophiles to yield a-substituted sulfides. For example, treatment with concentrated hydrochloric acid gave the 
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1 cone HCI 

43 

Scheme 16 

lb 

corresponding2chl~2-(methylthio)-l.3-indanedione(43), whichyiekled2-hydroxy-2-(methylthio~l,3-indanedione 
in dilute acid The Zhydroxy derivative could not be converted to 43 by treatment with concentrated hydrochloric acid, 
therebysupportingad manangementmechanism.Diketone43wasquantitativelyhydrolyxedtolbinboilingwater. 

Cyclizationprecursarshavetypicallyinvolvedanintactaromaticurthodiesteroranhydridethatcanundergoring 
closum to give the fused fivemembered ring (path d, Scheme 13). Historically, three synthetic prccedures (Claisen, 
Perkin, and Knoevenagel) have been utilized to obtain the fused ring system (Scheme 17). 

In 1933, Teeters and Shriner used the Qaisencondensation to synthesize ninhydrin (lb).& The 1,3Gndanedione 
was obtained in 70% yield, and was then oxidimd with selenium dioxide to give ninhydrin in 25% overall yield Pieser 
also used this cyclization method to prepare ninhydrin (Scheme 18).5&57 

Althoughall1,3-indanedionesareshownintheirke~f~~~,it~o~d~kept~~d~~~~~~~ds 
are tautomeric, and in aprotic solvents they are pmdominantly enolixed as in 44b. 
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2-Nitm- 13-indanedione (35) also exists in a tautomeric equilibrium Bromine titration of 35 in seveml solvents 
showedthatthiscompoundexistedpmd ominantlyintheniaonicacidform(35b)inpolarsolvents(water,ethanolacetic 
acid). In benzene, and to a lesser extent in ether, the 2-nitro1,3Gndanedione is the major tautomer (%a). This solvent 
effect is opposite to that found in other a-nitroketones. The conjugate base (3Sd) is a delccalimd species. The other en01 
form (Xc) does not seem to be impartant in either pmtic or aprotic solvents.58 

Jn 1957.MeierandLotter~~~ynthesized4iandS.~benzo-l,3indanediones(45and46),aswellasnaphtho[2’.3’:4~- 
andnaphtho[2:~:5,q-1,3-indanediones(47and48)bythismethodP7Thecyclizationyieldsfat~l,3-indanes 
were similar to the yield obtained by Teeter and Shriner for 44, 46 but were signiticantly lower for the naphtho-13- 
indanediones 47 and 48 (48% and 35% yields, respectively). Diones 45 and 46 were oxidixed to the corresponding 
benzo[e]- and benzov]ninhydrins (53% and 23% yields, respectively) using selenium dioxide, but 47 and 48 could not 
be oxidized under the same conditions, quinones being the only pmducts identified in these reactions. 

The Perkin reaction was also used to prepare 44 as shown in Scheme 17. Dominguez used this procedure in an 
undergraduate laboratory synthesis of ninhydrin to give the 1,3-indanedione in 67% yields9 Oxidation with selenium 
dioxide afforded lb in 3 1% yield. 

The third common method of cyclimtion was the Knoevenagel reaction (Scheme 17). This strategy has been the 
most utilized in the syntheses of ninhydrin and its analogs. 

The methodologies illustrated in Scheme 17 present synthetic problems when the target molecule is a substituted 
ninhydrin or a benxoflninhydrin. The availability of starting materials is one concern. For example, 2,3- 
dimethylnaphthalene used to prepare the orrho diester pmcursor of benxo~ninhydrin is no longer commercially avail- 
able. Anotherprobleminvolvestheakredmactivity ofthearyldiesteroranhydridewhen substituentgroupsarepmsent 
on the aromatic ring. Both cyclimtion and oxidation may be affected by the presence of substituents, and it is important 
to recognize that a general synthesis for ninhydrin itself does not always constitute an equally applicable synthesis for 
an analog. FiiaJly. the introduction of the desired substituents on the atyl ring at appropriate positions may be diffkult. 

These synthetic problems are especially acute for the benxo derivatives that require substituted 2,3- 
naphthalenedicarboxylates as precursors. Consequently, new ways to prepare the starting materials or totally novel 
strategies were needed to circumvent the difficulties inherent in the traditional methods. A new approach has utilized an 
intact five-membered ring and a Diels-Alder addition for annelation, followed by aromatization and oxidation to 

benzov]ninhydrin. Joulli&mdcoworkers havedevelopedthisprocedure,optimizeditsconditions, andtesteditsgeneral 
applicability.60~61Thismethodologywasusedinthesynthesesofbenzov]~ydrin(34),~6-methoxybenzoVJninhydrin 
(47) and thienov]ninhydrin (thieno[2’,3’:4,5]-1,2,3-indanetrione) (SO)?’ 
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These syntheses will be discussed in Section 3.3.4. 

49 50 

3.3. Other Approaches to Ninhya’rin and Analogs 
3.3.1. syntheses Utilizing odm-SubstitutedAromatics. In search of selective methods to oxidixe the C-2position 

of 1,3-indanedione, Schipper and his colleagues employed the reaction of hydmbmmic acid in dimethylsnlfoxide to 
convert 1,3-indanedione (44), 1,3-benzov]indanedione (46), and 1,3dioxo-1,2dihydrophenalene (51, Scheme 19) to 

MeSOMe + ZHBr - Me&3 + Hfl + Br2 I 
0 

H Br 

H + 
Br2 + HBr 

H 

0 
44,46,51 I 51 

0 

13 Br O+shle, Br- 
+ MesO ---w 

H H 

0 

0 

b 0he.J Br- 
+ Hfl - + Me+ + HBr 

H 
0 

52 
Scheme 19 

the corresponding 2.2~dihydroxy products lb, 34, and 21, respectively .62-64 This methodology achieved the oxidation 
of activated methyl and methylene groups to carbonyl groups. A molar excess (3-8 moles) of dimethyl sulfoxide was 
needed. The acids were hydrogen halides, preferably in anhydrous form, but concentrated aqueous solutions could be 
used. Hydrobmmic acid was the hydrogen halide of choice. Only a small amount of acid was needed (0.05-0.5 mole is 
sufficient for each mole of compound to be oxidized). The mechanism was believed to involve the reaction of the acid 
with dimethyl sulfoxide to generatemolecular bromine, which in turn reacted with the 1,3dione. The resulting 2-bromo- 
1,3dione then underwent nucleophilic displacement at the C-2 position to afford a dimethylalkoxysulfonium bromide 
(52), a postulated intermediate in the Kornbhun oxidation.65 Under the reaction conditions this compound collapsed to 
the triketone, dimethyl sulfide, and regenerated hydrogen bromide. Hydrolysis of the triketone provided an 80% yield 
of ninhydrin from the 1,3-indanedione. A variation of this method consisted of treating 1,34ndanedione with a molar 
excess of dimethyl sulfoxide in the presence of about 0.25 to 1.0 mole of bromine. 

In order to develop a commercial preparation for ninhydrin, Wocd patented a procedure involving the quantitative 
generation of 2-oximino-1,3-indanedione from 44 and sodium nitrite in aqueous sulfuric acid66 Although Wanag and 
Lode49 had been unable to hydrolyze the ~oxime of ninhydrin, treatment of the 2-oximino-1,3-indanedione (53) with 
an aqueous solution of formaldehyde and mineral acid produced ninhydrin in over 90% yield. 

Jones and Wife67 incorporated the cyclization method of Becker and Russell% (Scheme 16) in the synthesis of 
benzov]ninhydrin (34). Using the procedure of Meier and I-otter, 47 the desired 5,~benzo-1,3_indanedione (46) could 
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0 0 0 

NOH 
HCHO, H&I+ 
- z 

0 0 0 

44 53 lb 

only be obtained in 18% yield. Condensation of dimethyl sulfoxide with dimethyl naphthalene-2,3dicarboxylate, 
followed by Pummen~ rearrangement to 2c~~2-methyl~~5,6-benzo-1,3-indanedione occurred in 49% yield. 
Hydrolysis in a boiling aqueous solution gave a 93% yield of benzo[fJninhydrin (34). 

A novel approach to the 13-indanedione (44) involved the reaction of phthalic anhydride with hexaphenylcti 
diphosphorane in benzene to give the intermediate ylid, 2-triphenylphosphinyl-1,3-indanedione (54), in 6096 yiekl .68 
Oxidation of 54 to ninhydrin using ozone in methylene chloride was reported to occur in 80% yield. Selenium dioxide 
and trifluoroacetic acid, or chromium trioxide in glacial acetic acid were also reported to be suitable oxidizing agents. 
The advantage of this procedure is that it involves a nonaqueous medium. Bestmann and Kloeters reported a high yield 

0 0 
(PhhP-CmP(Phh 

54 lb 

for this synthesis,@? but attempts in our laboratory to prepare substituted ninhydrins from the corresponding substituted 
phthalic anhydrides have been unsuccessful. 

In their study of iodonium derivatives of kdiketones, Prikule and Neiland developed anoth~ method for the 
oxidation of 1 ,3-indanediones.69 Addition of a solution of iodosobenzene diacetate, a stable, convenient oxidizing agent, 
to 1,3-indanedione afforded the corresponding phenyliodonium ylidS5 in good yield On treatment with nitric acid, ylid 

Cs HS I (OCOMe)2 
HNOl 

0 
EtOH, Et@. CHCL 

0 0 

44 

R-H 
R - Cl. NO2 

55 lb 

55washydrolyzedtoninhydrinhydrate(64%,twosteps),withthereleaseofiodobenzeneandniaousacid.The~~~ 
(38%) and Cnitm (64%) analogs were also prepared by this oxidation procedure, but the source of the 4-chlom- and 
4-nitro- 1,3-indanedione pnzcmwrs was not disclosed. Shank and Lick also utilized a phenyliodonium ylid as an 
intermediate in the synthesis of open chain vicinal triketones. 7o After fonnation of the ylid, addition of owne led to an 
intermediate, which underwent fragmentation to release oxygen, iodobenzene, and the desired triketone. This procedure 
has never been repoxted for the synthesis of ninhydrin or its analogs, but is likely to be applicable to such systems as long 
as no ozone-sensitive functional groups are present. 

0 

-4 
0 

- CBHS I 

0 
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Wasserman andF5ckett’sstudyoffluori~-promotedphoto-oxidationsofenolsledtoanoth~oxidationpmcedure 
(Scheme 2O)?l TIis pmcedure involved an initial ene-type reaction between singlet oxygen and the enol of 1.3- 

4, rose bengal 
0 

Bu4N+F 

hn, CHC13 , 0% 

P 
0 0 0 

0 0 0 

56 la 

Scheme 20 

lb 

indanedione, followed by dehydration to the aicarbonyl compound The reaction did not occur in the absence of 
tetrabutylammonium fluoride. This catalysis was attributed to a fluori& ion effect which has been mported to increase 
the nucleophilicity of enols in alkylation and condensation reactions. The electron density of the en01 oxygen was 
increased via hydrogen bonding of the hydxoxyl hydrogen with the fluoride ion. ‘Ihe hydropemxide (56) that farmed was 
subsequently hydrolyzed to ninhydrin hydrate (lb) in 75% overall yield 

In 1982,Almogandco-workerssynthesizedninhydrin,benzo[e]ninhydrin,benzov]ninhydrin(34),and5chloro- 
6-methoxyninhydrin (57, Scheme 21)51 by employing the method of Becker and Russell (Scheme 16).% Since the 
purpose of these investigations was to test these compounds for forensic use, no attempts were made to optimize yields. 

60 61 62 

63 

Scheme 21 

64 

The starting materials employed were dimethyl phthalate, dimethyl naphthalene-Udicarboxylate, dimethyl naphtha- 
lene-2,3dicarboxylate, and dimethyl 3-chloro-4methoxyphthalate respectively, but the syntheses of these precursory 
were not described 
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Lennad andcoworkers7* have synthesized several substituted ninhydrins. Among them are %nethoxy- (58). 4- 
methoxy- (59). S-niuo- (60). 4-nitro (61), tetmchlom- (6Z), teuabromo (63), and5,6dimethoxyninhydrin (64, Scheme 
21).compounds5963were~p~fromtheappropriatelysubstituted1,Zm~~~utilizingthemethodolo~of 
Regitz and Adolph (Scheme Is) 1,2,3-Trioxo-l&dihydrophenalene (21) and benzov]ninhydrin (34) were synthe- 
sized by the same method from the corresponding 1,3diketones. The 2diazo intermed& was generated by treating the 
appropriate 1,3-indanedione derivative witbp-toluenesulfonyl azide in ttiethylamine. Compounds 58 and 64 were 
derived from the corresponding I-indanones and were oxidized using selenium di~xide.~ 

Thesameauthors7*reportedanimprovedsynthesisof5-methoxyninhydrin(5%Scheme22)andbenzoVlninhydrin 
(34, Scheme 23). Dimethyl 4-nitrophthalate (Scheme 22) was reduced to the corresponding amine with hydrazine and 
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Scheme 22 

palladium on carbon. Treatment with nitrous acid afforded the corresponding diazonium salt, which underwent 
nucleophilic displacement when treated with hot methanol. The resulting dimethyl knethoxyphthalate (65) was cy- 
clized to the corresponding 13-indanedione (66) via a Claisen condensation with ethyl acetate. The dione was then 
oxidized according to the method of Regitz and Adolph? 

Benzo~ninbydrin (34) was also synthesized by a Claisen condensation using dimethyl naphthalene-2,3- 
dicarboxylate and ethyl acetate (Scheme 23). 72 Reaction with tosyl azide in triethylamine. followed by reaction with 
terr-butyl hypochlorite in formic acid afforded the 2-chloro-2-fomryloxy derivative 67, which decomposed on heating 
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to give the deshd adduct with loss of carbon monoxide and hydrogen chloride. Unfortunately, yields for the syntheses 
ofBand34werenotgiven. nThesamemethodologyn wasalsoemployedtop 1,2,3,5,6,7,-s-hydrindacenehexone 
(68) and 1,2,3.6,7.8-pyrenehexone (69) in 53% and 60% yields, mspect.ively?4 

olg@)o oomo 
66 69 

Joulli6 andHeffner75 employed adifferent approach to the dimethyl 5-methoxyphthalate (65, Scheme24) needed 
for cyclization via Claisen condensation, or other methods. Dimethyl 5-hydroxyphthalate was prepared by the Diels- 
Alder reaction of the Danishefsky diene and dimethyl acetylenedicarboxylate (75% yield).76 The phenolic group was 
then methylated using sodium hydride andmethyl iodide (80% yield). When the resulting dimethyl 5-methoxyphthalate 
(6S)wascyclizedusingtheQaisencondensation,onlya16%yieldofthe5-methoxy-1,3-dione(66)wasobtained.Although 
oxidation to the desired ninhydrin proceeded in 90% overall yield via the dibromide 70, this approach was not satis- 
factory?5 
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58 

3.32. Syntheses Utilizing I-itines. The majority of routes to ninhydrin and its analogs have involved 
cyclization to give the 1,3-indanedione intermediate (path a, Scheme 13). A different strategy involving cyclization to 
a I-indanonederivative (path b,Scheme 13) hasbeen foundmoresuitableforthepreparationof substitutedninhydxins.75 
For example, the Wittig reaction ofp-methoxybenzaldehyde with methyl triphenylphosphoranilidene acetate gave an 
unsaturated ester that was subsequently reduced by catalytic hydrogenation to the corresponding methyl 3-(4’- 
methoxy)phenylpropanoate (71, Scheme 25). Hydrolysis to the acid 72, followed by cyclization with polyphosphoric 
acid and heat, yielded 6-methoxy-1-indanone (73), which was subsequently oxidized to 5-methoxyninhydrin (58).” 

An improved strategy employed the condensation ofp-methoxybenzaldehyde with malonic acid (Scheme 26).77 

The condensation product (74) was then reduced at the double bond to provide 72, which was cyclized by heating with 
polyphosphoric acid. 
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A similar protocol was used to generate 6-(methylthio)-l-i&none (77, Scheme 26), the precursor to 5 
(methy1~0)~y~(81),butinthiscasethe~u~0nwwascarried0utusingmagnesiuminmethanol7*Althoughindan0ne 
73 was commemially available, an affordable, efficient method for its oxidation was still needed. Treatment of l- 
indanone 73 with 2.1~~~~~ of ~-~~su~ de and AJBN in refluxing carbon tetrachloride, formed a 3,3- 
dibromo-I-indanone, which underwent loss of hydrogen bromide on treatment with triethyhuniue at 5 “C! to yield 
S-methoxy-3bromoindenone (78) in 99% yield. Addition of a benzene solution of bromine and dimethylsulfoxide to 
enone 78 gave a 70% yield of 58.75 Treatment of indanone 77 under the same conditions afforded 4-(metbylthio)-l- 
~d~Me~8),3-~(~~yl~o)- l-~nMe(79),~~3~~~(~~yl~o)-l-~~~~)~75% yield 
(12:65:23;Scheme~).Anemptstoss~f~onof~etwoadditionalpnductswereunsuccessfulbutb 
79and2,3dibromo4(metbylthio)-1-indenone (80)couldbeconvertedtothedesiredtarget8lbyreflwcinginbe~ne, 
followed by the addition of dimethyl sulfoxide and bromine (70% yield). 
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This oxidation protocol and a plausible mechanism for the formation of the trione are illustrated in Scheme 28. 
A ~~~~~~010~ for the oxidation of i&nones to the conesponding triketones was mported by Japanese 

investigators. Their protocol combined N-bmmosuccinimide and dimethyl sulfoxide in a one-pot process. No yields 
wfre reported but they were stated to be goc~L~*~ 

Lennanland~w~~achievedthesynthesisofboth ninhydrin58and3,4-dimethoxyninhydrinvkztbeselenium 
~oxideo~~dMof~e~~gco ~~yav~lablel-in~o~~~~tionofn~~~~~~one 
73usingseleniumdioxideinrefluxingdioxaneht~l-indanonehasbeen~~bycyclization 
of 3-(4’-methoxyphenyl)propanoyl chloride with anhydrous aluminum chloride in methylenechloride in 70% yield. The 
overall yield fmm the acid chloride was 28%.82 

Kametani andco-woxkexx were the fit investigators to utilize Ruhemann’s methodology to synthesize ninhydrin 
and two substituted ~nhy~s (5,~me~ox~inhy~n and 6,7-~~ylen~ox~inh~ in 37% and 11% oventll 
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ThesamepIocedurewasalsousedtosynthesizethelipophilic5-h~~y~(12%averall~~ecorrespond- 
ing illdanone).Q 

The unsubstituted 1-indanone (82) has been used for the synthesis of 4-amino- (89). 44imethylamino- (90), 5- 
amine (91), and 5-dimethylamino ninhydrin (92, Scheme 29).84 Reaction of 1-indanone (82) with nitric acid gave a 

0 

ccp- 3 
HN03 

+ 02NWo 

0 
82 82 84 

e. y&)0 “y$o -do 
0 0 0 0 

89 99 91 92 

scheme29 

mixtum of 4-nitro- and 5-nit~~l-indanones (83 and 84), which were separated by flash column chromatography. The 
nitm groups were then reduced (10% Pd/C and aqueous sodium hyposulfite as the hydrogen source) to the amino 
derivatives(85 and 87) and, in the presence of formaldehyde, to the dimethylamino derivatives (86 and 88). Oxidation 
of the aminoindanones 85 and 87 and the dimethylaminoindanones 86 and 88 to the desired ninhydrin analogs 89,91, 
90, and 92, respectively was accomplished with selenium dioxide in dioxane at ambient temperah~.~ 

Seh8me 30 
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More recently, new ninhydrin derivatives (97,98, and 99) were ~~ported.~ They were synthesizd from the 
diazonium salt of indanone 87, Scheme 31. 

HzN~o Na;“2_ l “‘mo RS - _“‘m’ 07 [ 1 
0 

NBS, DMSO 

0 

R = Me (97) 
R = iPr (98) 
R = CN (99) 

Scheme 31 

3.4. New Approaches to Benw[f]ninhy&n and Analogs 
A new strategy for the synthesis of fused benzo-1,3-indanediones, very different t?om previous methods, was 

recentlyreported by Joulliteral. (Scheme32).60BenzoV]ninhydrin was SynthesizedviaaDiels-Alderreactionbetween 

Br 

Br 

100 

Br2 , dbxane 
* 

15 W, C5H5N 

101 

Br DMSO, toluene 
-34 

Br 90 oc 
0 

102 

Scheme 32 

a transient o-xylylene and 4-cyclopentene-1,3dione. Sonication of a dioxane solution of dibromide 100 at 25 ‘C, in the 
presence of activated zinc provided the in situ generation of the diene, o-xylylene, which was trap@ by the dienophile 
to give the intermediate benzov]-4,9-tetrahydro- 1,3-indanedione (101). Dione 101 was simultaneously aromatized and 
oxidizedbyexposuretobromineandlight.2,2-DibromobenroV]-1,3-indanedione(102)wasconvatedtobenzov]ninhydrin 
(34) by the action of dimethylsulfoxide and toluene at 90 “C (Scheme 32)po This synthetic approach is most efficient 
(76 % yield for three steps) since it utilizes commercially available precursors, permits the inaoduction of substituents 
and is amenable to industrial-scale production. 

Joullid and Heffner also used this protocol for the syntheses of 6-methoxybenzoV]ninhydrin (49) and 
thienov]ninhydrin (50).61 Scheme33 shows the syntbesisof49. Dimethyl 3-hydroxyphthalate wasobtainkivia aDiels- 
Alder reaction using the procedure of Danishefsky. 76 This product was methylated to give the &ester (103). Reduction 
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Mel, NaH 

THF, DMF 
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4-cyclopentene-l ,%dione 

Zn, aonication 

107 

Scheme 33 

of 103 with lithium ah&mm hydride gave the conesponding diol(104). which was converted to 4-methoxy-1,2- 
bis(bromou&yl)benzene (105),the pmcmsorto compound49, with carbon teuabromide and triphenylphosphine. The 
dibromide 105 was subjected to the same zinc-activated Diels-Alder conditions described for benzov]ninhydrin (34). 
Alowyieldofadduct(106)wasobtained.Brominationof106provideddibromidelM,whichwasconvertedtothetarget 
ninhydrin(49)underthesameconditionsasfor34.Thesynthesisof2,3-bis((l~)anditsconversion 
to ninhydrin 50 are shown in Scheme 34. Ninhyti 50 was synthesized fromdiollO8 using the same methodology. The 
diol was obtained from thereduction of thiophene-2,3-dicarboxylic acid using the method of Chadwick.WDiol 1OS was 
converted to the dibromide 109, which underwent the Diels-Alder reaction in excellent yield to provide adduct 110. This 
product was converted to the conesponding dibromide (111). Treatment of 111 with dimethyl sulfoxide as previously 
described gave the desired ninhydrin 50. 

CO,” 
n-BuLi (2eq.k. CO2 . LiAIH4, THF, 25 OC 

CO?” THF, -79 =C CO?” 

108 

PhsP, CBq , THF, 25% 

-K 
I I 4-cycbpentene-1,3dione 

S Zn, dioxane, sonication, 25 OC 
*d 

0 
109 110 

Br2. pyridine, THF, 25% 
Br 

Br 
DMSO. toluene, 90%. 

* 50 

111 

Scheme 34 
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4. APPLICATIONS OF NINIIYDRIN AND ANALOGS 

4.1. Amino acid Analysis, Biuchemical, and Chemical Applicahbnr 
Theearliest~~cati~ofninhydrinwasbasedonitsreactionwitha-aminoacidsRuhemanno~thatwhen 

ninhydrin reacted with an a-amino acid, a colored derivative was produced, which qnalitatively confirmed the presence 
of an a-amino acid. l3 Three years after the discovery of ninhydrin, Abderhalden and Schmidt were also aware of the 
utility of 1 as an analytical l-cagent.88 

Ninhydrin became widely used in biochemical and medical settings for the analysis of amino acids, both as a 
qualitative and quantitative tool, The amino acid content in biological fluids could, in principle, be de&mined by 
~~~gtheamountofa~~,~hy~~c~~o~fo~~~ ~~of~~~hy~ 
were complicated by various factors.88-91 Glycine, proline, and hydroxyproline did not form aldehydes with ninhydrin. 

In 191J,Hardingand~~proposedacol~tricmethodfartheestimationofniaogenina-aminoacids.g2 
Theyo~thatB,yl,and~~oacidsgtlveonlyweakcofofiandthata-~oacids~~ateithcrtheo 
or carboxyl function did not react. Ruhemann’s purple 2 was formed under conditions that produced a quantitative 
reaction between amino acids and ninhydrin. The content of fme a-amino acids in solution could then be bed. 
This method was also used to determine the amount of amino acid a-nitrogen (ii neutral solution) set fme after protein 
hydrolysis.92 With the exception of cysteine, for which the method could not give accumte results, it was possible to 
estimate the a-nitrogen content in ranges of 0.005 to 0.05 m@cm3. This cokrrimetric approach was later discarded 
because of its lack of specificity for individual amino a15ds.~ 

Van Slyke and co-workers investigated a quantitative procedure for the estimation of the a-nitrogen content in 
amino acids based on the emission of carbon dioxide.g3Under suitable conditions, both primary and secondary a-amino 
acids gave off carbon dioxide quantitatively, and this gas could be measured in a Van Slyke-Neill manometer. This 
instrument was amenable to both micro- and macroanalytical scales. This technique gave rapid and precise measure- 
ments of the analytical purity of isolated amino acids and also of free amino acids encountered in protein digests or 
complexbiological~~,ixnnes,includingthosec. 
The procedure could be used in combination with Van Slyke’s nitrous acid method for amino nitrogenW to deuxmine 
the amount of lysine plus hydmxylysine in a solution. The amount of asptic acid in a solution could also be ascemdned 
asthisaminoacidgaveofftwomolesofcarbondioxidepermoleofacid.Proteinsdidnothavetoberemgvedfromblood 
plasma befom analysis since they did not react appreciably under the given conditions. Likewise, urine samples co&d 
be analyzed without difficulty. Urea gave off carbon dioxide only very slowly, and when excess ninhydrln was present, 
this evolution was retatded even mom, presumably due to the formation of a ninhyti ureide (X!), a urea derivative 
resulting from the apron of one molecule of ninhydrin with one molecule of urea_% This umide was a stable, 
colorless, crystalline substance, which evolved very little CO2. 

SmakmanandvanDoornreportedamRthodfarremovingureafromdi~ysates,bodyfluidsandthegastrointesrinal 
tract of patients suffering from renal f&hue.% This procedure was based on the reaction of ninhydrin with urea to form 
derivative 112. The same authors found that the binding was essentially irreversible and that the resulting complex was 

HO H 
112 

nontoxic, nonpyrogenic, and stable under these conditions. The method was further improved and simplified by 
incorporating ninhydrin inm an insoluble mat& 
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With the advent of advanced chromatogmphic techniques, ninhydrin-based photometric methods began to 
dominateaminoacidanalysis.In 1948,M~andSteinintroducedaprocedurewhichgavetheconcentrationofvarious 
peptides and &e a-amino acids in solution. 42 Although qualitative msults wem routine, quantitative data were still 
dimculttoobtainasthecolor~~permicrogramofaminoacid decreased with reduced amino acid concentration. 

Moore and Steir~~~ found that the addition of a strong reducing agent such as stannous chloride resulted in high- 
yields of Ruhemann’s purple by suppressing an oxidative side reaction. The stannous chloride effectively reduced excess 
ninhydrininsinrtoprovidehydrindantin (11),thereducedformofninhydrin.Laterexperimentsused11directly.87This 
protocol avoided the precipitation of tin salts and increased the effective concentration of hydrindantin to 0.3 per cent. 
The effects of variations in pH, temperature, heating time, and amounts of reagents were all studied. It was found that 
the percentage yield of c&red product was independent of the initial amino acid concentration, and that less than 
quantitativeyieldscouldbeattributedtooxidativesidereactions.Reproducibleresultswerepossibleforanygivenamino 
acid, but not all amino acids produced the same amount of color per mole, an observation already noted by Harding and 
MacI_eanP2 The lack of specificity was a disadvantage in determinations made on unfractionated biological material. 
However, for experiments involving chromatographic analysis, amino acids and othes components could first be 
separated on the column and then quantitative values for specific amino acids obtained. 

A number of studies were attempted to further optimize quantitative amino acid analysis after chromatographic 
separation. Many of these dealt with the development of improved ninhydrin reagents. Others involved altering the 
conditions of the reaction or changing the mode of detection. In the early 80’s, Wako Pure Chemical Industries, Ltd. 
patented a reagent containing thiol@ such as 2mercaptoethanol. The addition of the thiol pmvided a more stable 
ninhydrin reagent, which gave more intense peaks in amino acid analysis. 

The same company also patented a series of new solvents for ninhydrinPg,lmThese were I-alkoxy-Zalkanols, 
which could be used alone or in combination with dimethylsulfoxide to act as a replacement for the toxic methyl 
cellosolve. The new ninhydrin reagent containing 1-methoxy-2-pmpanol, DMSO, ninhydrin, NaB& and an aqueous 
LiOAc buffer, was stable at low temperature and did not cause clogging in the automated analyzer. 

QuantitativeanalysisofarninoacidsreliesonareducedninhydrinreagentGenerally,hydrindantin(ll)haseither 
been added directly or generated in situ with excess ninhydrin and a reducing agent such as stannous chloride. In 1984, 
James suggested that titanous chloride be used to reduce ninhydxin in amino acid analysis.‘O’ The titanous chloride- 
reducedninhydrinreagentwasnotquiteassensitiveinitsreactionwithaminoacidsaswasthereagentproduced by direct 
addition of 11, but it did exhibit greater stability. Hydrindqtin is sensitive to light, atmospheric oxygen, and changes in 
pH and temperature. The titanous chloride-ninhydrin combination offered the advantages of being quicker and easier 
to prepare. 

Hori and Kihara reported an electrolytic preparation of reduced ninhydrin reagentlM A nonreduced ninhydrin 
solution could be stored for long periods of time and in the presence of atmospheric oxygen. Electrolytic preparation 
of the reduced ninhydrin reagent was highly reproducible and gave a sensitive determination of amino acids eluted from 
the HF’LC system. Both flow-through electrolysis and chemical reduction provided almost identical reduced ninhydrin 
reagents. 

Some studies were undertaken to provide ninhydrin reagents, reaction conditions, and/or spectmscopic detection 
techniques that would be specific for a particular amino substrate. Aleksandrov et al. optimized the ninhydrin reaction 
conditionsforvalineandproline.lo3 Theirmethod wasbasedonphotomehicdetectionafterautomaticchromatography, 
which obtained greater sensitivity by shortening the amino acid-ninhydrin reaction time to 0.2 minutes. 

Es&i and co-workexs’04 modified the ninhydrin calorimetric method of Gaitondelos to detect selenocysteine. 
Under their conditions, from 10 - 500 pM of selenocysteine could be determined. 

The simultaneous detection of primary and secondary amino acids by liquid chromatography was accomplished 
usingamodifiedninhydrinreagentandUVdetector. 106Thereagentcontainedninhydrin,dimethylsulfoxide,acellosolve 
solvent, and a lithium acetate buffer. A liquid chmmatograph equipped with a UV detector separated the components 
of the reaction and detected both the primary and secondary amino acids using a single UV wavelength A sample 
containing aspartic acid, threonine, serine, glutamic acid, and proline treated with this reagent provided a spectrum with 
five maxima when a 570 nm wavklength was employed. 

In 1989, Moln&F’erl disclosed a spectrophotometric ninhydrin method for determining tryptophan in intact 
proteins. lo7 After evaluating the second-order late constants and molar absorptivity values, optimum conditions were 
established for the selective estimation of tryptophan, tryptophan residues in intact proteins, and indoles without the 



8820 M.M. JOULUE~~ al. 

interfering effects of tymsine. The conditions allowed for reproducible molar absorptivity values with standard errors 
of < 2.3% for any particular substrate. 

Thequand~dveleactionoflysinewithninhydrinwasinvestigatedbyWangandJi.108Thcnactionproduct,whose 
probablesttuctum113isshown, wasquantitativelyevaluatedusingfluorometry&x=380nm.&,rr=468nm).Thehmit 
of detection was 2 0.005 ppm, and the recoveries were 92 to 95%. 

0 
NHCH(C0,H)(C&),NH2 

NHCH(C02H)(CH2),NH2 

113 

Seracu studied the W and visible absorption spectra of the complexes of amino acids with ninhydrin.log*llo 
Usually amino acids were detected with post column ninhydrin derivatization using automatic analyzers at wavelengths 
of 570 run for a-amino acids, 444 nm for imino acids, or an intermediate 520 run for both. Seracu studied the absorption 
of numerous complexes between 275 nm and 700 nm and suggested that wavelengths of 290 mn and 444 nm be used 
and that the detector be modified to operate at these wavelengths 

A new electmchromatoscanning method for the quantitative analysis of microvolume samples by paper 
chromatography was developed by Yoshiiura and Okazaki. tll This method used a voltammenic cell and chemical 
amplification by reaction of the amino acid solution with ninhydrin. 

James suggested a replacement solvent for flushing the ninhydrin reagent through the flow lines of an automated 
amino acid analyzer in the shut-down phase of the instrument.1 l2 The modification involved replacing water with a 
solvent containing dimethylsulfoxide, water, and thiodiglycol. This new flushing solution allowed for a mom rapid start- 
up phase when re-initializing the instrument, and some of the artifacts inherent in previous analyses could be eliminated. 

To detect amino acids on thin-layer plates, Laskar and Basak developed a procedure that used fluorescein 
isothiccyanate to produce various and distinguishable colors for different amino acids1t3 The colors produced could be 
observed under visible and UV light The heating procedure allowed for distinct colors inherent to the various amino 
acids to be observed with high sensitivity. Even at low detection limits (0.3 to 1 .O pg), different colors for the amino acids 
were observed under W light (280 nm). Presumably, the amino acids fust reacted with fluorescein isothiocyanate to 
give fluorescein thiocarbamyl derivatives, which then reacted with ninhydrin to produce the distinguishable colors. 

The effects of various substances on the calorimetric amino acid-ninhydrin reaction were also investigated. 
D’ Aniello and coworkers studied the effects of salts, acids, alkali, and buffer solutions on the color development of the 
Cd-ninhydrin-amino acid reaction.’ l4 Of the salt solutions examined, only cuprous and ferric ions interfered with color 
yield even at low concentrations. These studies established the need to separate amino acids t?om proteins that am 
complexed to metal ions when the ninhydrin method is used for amino acid analysis. 

A different biochemical application was developed by Lenzen and coworkers in 1988.115 Ninhydrin was used 
as an inhibitor of glucokinase. The study involved an examination of a number of compounds that might compete with 
glucose for the sugar-binding site of glucokinase. Potential inhibitors included compounds such as alloxan, other 
pyrimidinederivatives, and ninhydrin. The mechanism of inhibition was proposed to be an oxidation of the functionally 
essential mercapto groups of the enzyme. Presumably, the most reactive keto group of the inhibitor acted as a hydrogen 
acceptor. 

4.2. Synthetic Applications 
Although the reactivity of the central carbonyl of ninhydrin has long been recognized, this highly electmphilic 

moiety had not been utilized in synthesis. Recently, ninhydrin has found application in the total synthesis of fused and 
spirocyclicringsystems.ThereactivityoftheC-2positionin 1allowsfortheformationofanumberofcarbon-heteroatom 
bonds. The synthesis of fused ring systems is illustratedin Schemes 3 and4 (Section 2.2.1). Grigg’s studies showed that 
protonated Ruhemann’s purple could undergo cyclization with appropriate dipolamphiles to give spirocyclic com- 
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p~ttttds?~ These 1,3-cycloadditions were reviewed in Sections 2.23. and 2.2.4. The reader is referred to 2S. Scheme I2 
and cycloadducts 31-33. 

Other investigators have utilized the reactivity of ninhydrin to prepare fused heterocyclics, some of which am 
shown. Some of the products derived from ninhydrin were of medicinal importance. Chauerjie et al. prepamd 
indenoimidazolediones (114,1l!5), via the reaction of ninhydrin with the appropriate monosubstituted ureas or 6- 
aminouracil derivatives, to examine the potential anticonvulsant effects of the addition of cyclic tueides in bioactive 
compounds.1 l6 Of the indenoimidazolediones synthesized, only the butyhnea adduct did not show activity. The other 
derivativesshowedanticonvulsantactivityinmiceagainstseizuresinducedbyMetrazol.Nonehowever,show~acdvity 

HO ,-, 

114 R - C6H5 
R - CH&H-CH, 
R - n-C,Hp 

116 

119 

115 R’ - H. CHP 

ti= N-@O,NHR 

OH 

116 

A group of potential fungicides that have been prepared from ninhydrin am the thiazolidinediones and their azo 
derivatives 116.117 ll&indeno[l,2-b]quinoxalin-ll-one thiosemicarbazone (from ninhydtin) was cyclized with CL- 
chloroaceticacid,fo~owedbyeeatmentwithdiazotizedalkylsulfanilamides.Oneofthecompounds~==rl-pyrimidinyl) 
was found to be effective against Urvularia luMra at 360 @nl. The other derivatives had less fungicidal activity. 

Camtti and co-workers reported a one-step synthesis of an indenoindolizine nucleus from 2-hydroxy-2-(2-0x0- 
2-phenyljetbyl- 1,3-indanedione. 1 l8 Treatment of the indanedione withp-toluenesulfonyl chloride in pyridine gave the 
desired pyridopyrmloindenone, l l-benzoyl-lOKndeno[2,1-b]-indolizine-lo-one, (117) in 90% yield The structural 
assignment of 117 was confirmed by an X-ray analysis and proton NMR data. An example of a fused-ring carbon 
compound prepamd from ninhydrin was reported by Usmani and Ismail. llg Iltedihydroxycyclopentindenedione (118) 
was prepared by the cycloaddition of ninhydrin and acetone in the presence of concentrated HCl. Still another group of 
compounds prepared from ninhydrin were the pyrazinoindene derivatives 119.120 These were prepared by reaction of 
ninhydrin with 1,2ethylenediamine. I&mine derivatives 120 were obtained by reaction of ninhydrin with sulfonyl 
urea.t2’ 
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Substituted salicylic acids were prepared by heating ninhydrin with an appmpriately substituted phenol in acetic 
acidtogiveadditionproduct121selectivelyandinhighyield(Scheme35).‘“F~~heatingofl22withpmet 
in acetic acid gave I23 which, in turn, was quantitatively hydrolyzed in 2N sodium hydroxide to affad the substituted 
salicylic acids l24.Thisprocedurewassuperiortothe commonlyusedKolbGSchmittsynthesisinthatitdidnotrequire 
highpressvreorhigh~~theproductcouldbeisolatedinhighpurity,andtheyitldswentypiarlly~than 
those obtained in the Kolbe-Schmitt reaction. 

pJoH + &z; iLyq+pR, 
0 ’ R2 

R, - H, Me. t_Bu HO 
R2 = H. Me, Ok, OH lb 121 4 

R3 - H. Me. OMe 

0 

123 

Scheme 35 

Anumberofsubstituted2-nitroindan-l~onesweretestedfortheirantiallergicactivity.123Theparentunsubstihlted 
compound showed an activity very close to that of disodium cromoglycate, a drug used in the treatment of bronchial 
asthma. Most substituents either had no effect on the activity or decreased it Gnly compounds with substituents at the 
C-5 and C-6 positions showed a marked increase in activity. 

4.3. Forensic Use in Latent Fingep-int Identttcation 
In 1954, Gd&r and von Hoffsten, two Swedish scientists, recognized ninhydrin as a latent fingerprint reagent’% 

Their original formulation consisted of a ninhydrin solution in either acetone or diethyl ether, along with a small amount 
of acetic acid. Early studies by a number of investigators sought to develop conditions that would lead to maximum 
detectionefficiency. Changesinconcentration, solvenftemperatum, heatingtime,pH,applicationmethod,andhumidity 
were examined. 

Various solvents were investigated (acetone, diethyl ether, ethanol, isopropanol, petroleum ether, and acetone- 
water mixtures). Petroleum ether showed particular promise as it did not cause ink to smear or dissolve.1z However, 
all of the aforementioned solvents were flammable and therefore a hazard to forensic science laboratories. 

In 1974, Morris and Goode introduced a new solvent which circumvented the hazuds of volatile solvents.126 This 
solvent, 1,1,2-trifluorotrichloroethane (fluorisol or freon 113) was a nontoxic, nonflammable, and practically odorless 
liquidthatalsodidnotdissolveinkorcausesmearing.However,itwasfourtimesasexpensiveasothercommonlvents 
and required lengthy preparation time. 

In 1984, Tighe introduced Freon-Plus Two, an improved reagent which required only ten minutes for its 
preparation.ln Tighe also noted that technical grade freon was just as eflicient as the pure grade freon used by Morris 
and Goode, but at a fraction of the cost. Due to its competitive price, and nontoxic, nonvolatile nature, Freon-Plus Two 
is the ninhydrin reagent of choice today, and it is known as non-flammable ninhydrin reagent or NFN. 

TheformationofRuhemann’spurplewasknowntobedependentonpHandhumidity,andcompletedtvelopment 
was known to require heating.lB The optimal pH had been determined to be approximately 5.0. This pH could be 
maintained by addition of acetic acid to the ninhydrin reagent, and this protocol was particularly effective for detection 
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on alkaline paper surfaces.s1 In the absence of moisture, ninhydrin treatment was iuelfective. Room temperauue 
procedures, although requiring mom time, provided improved contrast between background and latent print. 

Thougha~~ofdevelopmentconditions~explored,mostmethodswaenotsufficientlysensitive.12gThis 
limitationwiXShUgelyovenxlme beginninginthelate1970’swiththeintroductionoflaserdoflatentfingerprints. 
Thetechniquewas~on&~gasmallsignal@h~luminescence)ratherthanrelyingonthesnall~~ 
between two large values (abso&ance and reflectance), thus the method had higher sensltivity.130 In 1977, Dahymple 
and co-workers mported that latent fingeiprluts had inuinsic luminescent pxopetliea131*132 Natural fingerprint fluo- 
rescence however, was very weak, and ouly a very strong and well-filtered lamp could produce sufficient detail. 
Furthermore, the yellow-green prints lost their fluomscent property with time. In 1981, German noticed that ninhyti- 
treatedlarmtprintsilluminatedwithlaserlightshowed~~resolutionthanthostilluminatedwithordinary~~~133 
In 1982, Hemd and Menxel studied the laser detection of ninhydrin-developed latent fingerprints.134 They found that 
well-developed ninhydriu prints that were visible in ordinary light by their distinctive purple-blue color were weakly 
fluorescent when illuminamd with bluegreen or near ultraviolet (330-360-nm) argon laser light. They displayed only 
weak fluorescence in the red and near-infmred regions under yellow or orange (570-590 nm) dye laser light 

The same authors further improved upon the ninhydriu/laser method by exposing ninhydrin developed latent 
fingerprints to a metal salt before illumination. 135 They were interested in eliminating the need for the additional dye- 
laser and in increasing fluorescen t sensitivity. After spraying ninhydrindeveloped iiugerprints with zinc chloride, an 
orange print particularly suited to the 488 nm line of the argon laser was observed. This complex absorbed at 
approximately 485 MI and emitted at 560 nm. A well-developed latent print now showed strong luminescence under 
argon laser illumination. Fingerprints showedenhancedcontrast and ridge detail, and normally unobservable prints could 
he identified. Nonporous surfaces were suitable substrates. The ZnCl2 post-ninhydrin treatment together with laser 
examination had important and practical advantages. A latent fingerprint could Iirst be developed by a conventional 
ninhydrin method, and if prints were still undetectable, ZnCl2 treatment and laser examination could follow.‘” 

Sensitivity enhancement had also been observed when uinhydrin-trcatedlatent fingerprints werepre-treated with 
enzymes and coordinated to group Rbmetal salts in post-treatment. Trypsin was the most commonly employed enzyme, 
although pmnase was also used. Pretreatment with the enzyme led to enhanced detectability of relatively fresh 
fingerprints, but showed only marginal improvement for older prints. The mechanism of action of the enxyme was not 
ascertained.Possibly,theenzymeactedasadustingpowderorproducedaminoacidsbythehydrolysisofproteinspresent 
in the fingerprint.1~J37 

Warrener and coworkers also studied complexes between group IIb metals and Ruhemann ‘s purple. 138 Complex 
formation between any of the group lib metals and the ninhydrindeveloped fingerprint required the presence of water. 
For complexes between zinc, cadmium, or memury and Ruhemann’s purple, atmospheric humidity was usually all that 
was necessary. Cadmium and mercury complexes were unaffected by excess water, but the zinc complex was unstable 
under such conditions. These authors proposed the use of cadmium instead of zinc in the fluomgenic stage of the 
process. 138 lbey advocated that cadmium complexes suffered less from the ninhydrin development conditions of heat 
and moisture, and that if the complexes were cooled with liquid nitrogen (77K) and examined with a xenon am lamp, 
improved sensitivity over Hemd and Menxel’s ninhydrin/ZnQ/argon laser prcrcedu.r~~~~~~~ could be obtained. 

Lennard ef al. investigated the structures of complexes formed between 2 and group IIb metal salts139 An X-ray 
crystal structureofthecadmium-Ruhemann’spurplecomplex (preparedfromCdI2)showedthat2formeda 1:l complex 
with the metal. Compound 2 acted as a tridentate hgand, and the metal was also bound to one iodide ion and two water 
molecules to form a distorted octal&ml coordination complex (124). As water was an intrinsic part of the complex, it 

124 
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seemed only masonable that it be wt for complex formation to occur. 
The coplanarity of the two indanedione rings was believed to be responsible for fluonscence. Because zinc and 

cadmium had similar chemical propeaties, the zinc-Ruhemann’s purple complex was expected to have an analogous 
octahedral structure. The stronger fluorescence of the zinc complex was suggestive of mom nearly coplanar i&anedione 
rings. However, the higher atomic number of cadmium necessarily implied greater spin-orbit coupling, and hence faster 
intersystem crossing which tended to quench ligand fluorescence. 140 

Anum~of~~ionswerestudiedin~nj~~onwithcomplexformaton.t40~mp~x~omplexesofRuhemann’spurple 
~~~+~~2+~~~~u~~ ~o~tion~e~~~~~~~~el~s 
which couki spin-orbit couple to the ligand system (2) and quench fluoresce rice. The open shell d-z intemcdons in Ni2+ 
~~l~~~que~h~flu~ ce.Ala3+cornplexformedweaka~g~t~~~~~~~~~ 
a coplanar indanedione ring system and a closed shell configuration. The weak color was attributed to the ion’s high 
atomic number which produced spin-orbit coupling. 

Successively weaker sensitivity and greater deviation from coplanarity were observed in the se&s of group Ilb 
metals, Zn, cd, and Hg. The complex between Ruhemann’s purple and zinc absorbed at about 490 nm, very close to the 
488 nm line of the argon-ion laser, and therefotc the ninhydrinLZnClz/argon laser pmcedum yielded impressive sensi- 
tivity and became routine in many forensic labs. 

Argon lasers largely remained the primary light sotuce in fiigerprint detection, although other light sources were 
employed. Warren= aud his co-workers used the xenon arc lamp equipped with a filter. At low v this lamp 
couldma~hthe~~sensitivityoftheargonlaser..erlightsourcesiud~W~s~~~,141~142K~t’s 
~~~~~143,l~~W arrener’s “‘U~~~anadvancedv~iono~isoriginalxenonarclamp.145~146Theselight~~s 
showed greater efficiency when samples wem cooled to liquid nitrogen tempemtures. 

In the early 1980’s, the copper-vapor laser (CVL), originally designed for use in isotope separation, found 
application in fingetprint studies. This laser is pulsed in contrast to the continuous wave of the argon laser and delivers 
lines at 510 and 578 nm. Ninhydrin-developed prints treated with ZnClz did not respond well to the CVL as the shortest 
line of this laser was 510 nm, 20 nm above the absorbance of the ninhydrin complex (490 nm). However, it was found 
that fingerprints developed with eitherof the analogs, 5-methoxyninhydrin or benzo[Qninhydrin and treated with 7&l2 
showed strong fluorescence. These complexes had absorption maxima at 500 and 530 nm, mspe~tively.*~ 

5-Me~ox~i~y~ and ~~~~y~ showed operational advantages over ~y~.*t They developed 
latentfingerprints~~equalorbettersensitivity,dwhenneatedwi~Zn(II)or~d0li),provedusefulinob~g~ls 
ondiffi~ts~~s,suchasmanillaandyellowenvelo~,wherebackgroundlu~e~encewasaproblem.Fing~~ 
treated with 5methoxyninhydrin were purple in color and had absorption maxima at 410 nm and 579 nm. When treated 
with zinc(B) they became orange and showed an excitation wavelength of 505 nm and an emission wavelength of 544 
nm. Cadmium(II)~mplexesexcitedandemittedat520nmand585nm,respectively,andwereredinoolor.51 Ingeneral, 
electron-donating substituents gave enhanced fluorescence and caused the fluorescence to be shifted to longer 
wavelengths. The enhanced fluorescence was attributed not only to the coplanarity of the 1,3-indanedione moieties, but 
more importantly to the intramolecular charge transfer process. Electron-withdrawing groups on the aromatic ring 
reduced fluorescence efficiency and caused a large shift to longer wavelengths.7~140 Halogens also decrease fluores- 
cence. All@ and sulfonate groups have negligible effects on fIuorescence.147 

Analogs with more extended conjugation were expected to absorb light at longer wavelen~s. Indeed, 
benzov]ninhydxin reacted with the amino acids in latent fingerprints to give a dark green-black compound with 
absorbance maxima at 435 nm and 628 nm. The mom light development of a latent print with benzov]ninhydrin was 
superiortoninhydrinandsubstitutedninhydrin analogsbecauseofthelargered-shiftincolorfromthenormallyobse~ed 
purple hue. The dark gxeen-black compound stood out against background coloration. When treated with ZnClz a red 
complex formed which absorbed at 530 nm and emitted at 590 nm. The analogous cadmium(II) compound was purple 
(& 550 nm, &,,, 635 nm). Both complexes showed strong room temperature luminescence and in many cases the 
problems of high background luminescence inherent in a number of surfaces were reduced. These surfaces absorbed 
between 440 nm and 500 nm and emitted between 5.50 nm and 650 nm.51 

U~o~a~ly, surfaces seated with ~n~~ninhy~~~~ generally gave higher ~k~und coloration 
~rnp~~~ ninhy~n.~e shelf~feof~e~agent alsoappeared tobe subs~ntially lea as a~~ly~~~lution 
was needed to r&&t good development. Moreover, ~n~~ninhy~ was less soluble and required a higher concen- 
tration of methanol, which may lead to increased ink-running and dissolving.51 
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III spite of such drawbacks, the intensity and shift of the benxov]ninhydrin, when treated with group Bb metals, 
hasmadeitanimportantf~~c~g~~About~esametimethattheCVLwasbeingdeveloped,thefreque~~ublled 
neodymium:yttrium aluminum garnet (Nd:YAG) laser became availablep5 These pulsed systems am portable and am 
operated at 532 mu, a wavelength particularly suited to the 530 mu absorption maximumseeninfingerprintadeveloped 
with benxolflniuhydrin/ZnCl~. Although these lasers am not as easily maneuverable as portable Ar-laser systems, their 
sensitivity is much gmater. Fingerprints developed with benxo@inhydrin/ZnCl~ and exposed to the 532 mu line of a 
frequency-doubled Nd:YAG laser showed orange fluorescence regardless of the strength of the latent prim In contrast, 
a fingerprint subjected to a uinhydrin/ZnCl#&ser system exhibited a greenish-yellow fluorescence with weak prints 
but an orange fluorescence with strong prints. 

A number of other ninhydrhr analogs have been tested for their potential iu the detection of latent fingerprints. A 
very recent study involved the synthesis and evaluation of a number of amino substituted ninhydrin derivatives 89- 
92(Scheme 29).84 Both 5-aminoninhydrin (91) and 5-dimethylaminoninhydrin (92) showed unaided fluorogenic ac- 
tivity with latent fingerprints and exhibited luminescence when excited with an argon-ion laser or a filtered xenon am 
lamp. When treated with zinc(B) or cadmium(lI) salts little color change was seen and luminescence was not further 
enhanced. These analogs 91 and 92 reacted with latent fingerprints at a significantly slower rate than ninhydrin, 
presumably because the electron deficiency of the carbonyl at the 2-position was diminished by the electron-donating 
effect of the amino substituent. Compounds 91 and 92 showed particular potential as fmgerprint reagents because their 
fluomgenicity occurmd in a different spectml region than that of background surfaces. For compounds 91 and 92, 
excitation was at approximately 570 MI and emission occurred at over 59onm. Morerecently, sulfur-containing analogs 
such as 50 and 81 have shown considerable promi~e.~~~~ 

Another method which has been discussed as a means of circumventing the problem of interfering background 
fluorescence was complexation with em-opium to produce an organo-rare eanh complex.14 The intent of developing 
suchacomplexwastoinducemmearthluminescencewhichwould havealongerlifetimethanbackgmundfluorescence, 
and could be observed via time-resolved imaging. For fingerprints treated with ninhydrin and EuCl3-6 H20, adequate 
contrast between latent print and background luminescence could only be obtained under dye laser ilhuuination at 579 
nmandvisualobservationth.mugharedfilterthattransmittedat wavelengthslongerthau6COtuuTheprincipalemission 
was at 615 mu. The analogous benzov]ninhydrin system was also investigated in order to ascertain whether resonance 
or near-resonance ligand to rare earth energy transfer was partially responsible for the luminescence. lf this energy 
transfer was involved, then benzo[nninhydrin should give a more intense luminescence. This was found to he the case. 
This analog has better ligand-tare earth spectral overlap and energy transfer efficiency. Even more efficient ligand-rare- 
earth energy overlap may be possible by careful design of analogs. 

5. TOXICITY OF NINHYDRIN. 

In 1957, Breton andco-workers reported the results of their investigations on the toxicity of ninhydrin in mi~e.'~~ 
Although previous investigations with different animals had shown ninhydrin to be lethal, these studies did not elucidate 
the mechanism of action. Since alloxan had been found to induce diabetes, it was reasoned that ninhydrin might also be 
diabetagenic because of its structuml similarity to alloxan. Transient hyperglycemia, glycosuria, and some pancmatic 
lesions had been observed with ninhydrin. These results were only qualitative. 

ln an effort to understand the cause of the toxicity, Breton and co-workers attempted to counterbalance the noxious 
effects of 1 with various substances. 149 They chose thiol-containing compounds that could react at the Zposition 
(cysteine,BAL,etc.),isonicotinic acidhydrazide, acompoundknown tomacteasilywithcarbonylfunctions,andvarious 
antihemorrhagic agents which either moditied capillary permeability (ascorbic acid, antihistamiues, etc.) or at&ted 
blood coagulation (synthetic vitamin Kanalogs). Thevitamin K analogs and the antihistamines slowedthetoxic effects, 
but none of the other compounds were beneficial. 

Breton’s studies involved the intraperitoneal injection of 250 white mice having an average weight of 27.5 g with 
a solution of ninhydrin in water at physiological PH. 149 The ID50 value after 24 h was 78 f 5 mg/kg. Symptoms varied 
with the injected dose. With a dose concentration of 250 mg/kg. mice died within 5 to 10 minutes of injection. Doses 
of approximately 100 mg/kg produced depression, vasodilation, and transient paralysis of the mice’s hind legs. The 
vascular problems varied from simple vasodilation to abdominal and pulmonary hemorrhagies. 
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When the ninhydrin sohnion was injected intravenously it was found to be less toxic. Mice injected intravenously 
with 100 mg/kg doses survived for several weeks after noticeable weight loss. Direct injection into the blood stream 
presumably had reduced toxicity because of the breakdown of ninhydrin into less toxic substances on contact with 
prot&lS. 

6. SUMMARY 

Some interesting features of the chemistry of ninhydrin have been described. The mechanism of formation of 
Ruhemann’s purple was examined by numerous investigators, and although great strides wem made in understanding 
the reactions of ninhydrin with amino functions, some unanswered questions remain. 

The structure of Ruhemann’s purple was well investigated, but further studies of the tautomeric equilibrium of the 
protonated form would be enlightening. 

Synthetic endeavors resulted in more efticient and novel methodologies for the production of ninhydrin and its 
analogs. Ninhydrin analogs have not yet been exploited but recent investigations of these compounds show that they 
hold considerable promise. 

Ninhydrin is an important analytical tooL The improvements made in amino acid analysis am impressive. 
Ninhydrin’s synthetic and medical applications have not been extensively investigated and deserve some attention. 

The importance of ninhydrin in forensic science illusnates the wide range of possible uses for this compound and 
its analogs. Although there are many methods for visualizing latent and contaminated fingerprints, chemical enhance- 
ment of latent fingerprints is still the most practical and affordable technique used in forensic laboratories. Advances in 
laser science and post-ninhydrin treatment with metals have provided the most successful technical developments in 
latent fingerprint detection. 

The chemistry of ninhydrin is exciting, and it is hoped that this review will revive interest in this unique tricarbonyl 
compound. 

We would like to thank Mssrs. John Piper and Arthur Raykemper for stimulating our interest in ninhydrins and for their 
support. We also want to acknowledge the help and valuable suggestions of Drs. Anthony Cantu and Joseph Almog. 
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