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Abstract Energies corresponding to optimum geometries
of ninhydrin, some of its analogs, the corresponding
Ruhemann’s Purple analogs and some of the intermediates
of the reaction between ninhydrin analogs and amino acids
are calculated at Hartree—Fock/6-31G** level of theory.
Such a study is significant from a forensic science point of
view because of the strong interest in the forensic chemistry
and law enforcement communities in developing alterna-
tives to the current generation of ninhydrin-like chemicals
for the detection and development of latent fingerprints. In
examining our new predictions for the net energetics of the
reactions in the formation of substituted Ruhemann’s
Purples, we find that a fluorine-containing analog is the
most thermodynamically feasible reaction. In light of this
finding, we suggest further experimental studies to deter-
mine the kinetic feasibility of synthesizing the fluorine-
containing analog, as well as other similar molecules and to
determine their spectroscopic properties.
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Introduction

This work represents an example of the application of
quantum chemical methods to Forensic Science. Specif-
ically, it addresses itself to the study of ninhydrin reactions
with amino acids as applied to fingerprint identification.
One of the methods used for identifying people involved in
crimes is the examination of fingerprints found at the scene
of the crime [1-5]. There are several different types of
fingerprints [5]. Some of them are detected easily on certain
surfaces. Others, called latent fingerprints, are harder to
detect. Latent fingerprints are invisible prints that are
formed by the transfer of perspiration from the finger
ridges to an object. Unlike visible prints, to see latent prints,
special techniques are needed [6]. One such technique is the
use of ninhydrin. When ninhydrin combines with amino
acids found in perspiration, it turns purple—blue. The
method works as follows: a solution (about 0.6%) is made
with ninhydrin powder and a solvent such as ethyl alcohol
or acetone. The substance is sprayed onto the surface and
prints then appear after a varying amount of time depending
on how strong or weak the prints are. The process takes less
time if the specimen is heated to 80—100 °C [4, 5, 7, 8].
Ninhydrin (2,2-dihydroxy-1,3-indanedione) was first
prepared by Ruhemann, in a reaction that was meant to
create a different compound, 1,2-diketohydrindene [9—14].
Soon after ninhydrin was discovered, it was found that
many substances turn blue when they are combined with
ninhydrin. Finally, in 1954, it was determined to be useful
for identifying fingerprints [2]. Ninhydrin is helpful for
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finding fingerprints on substances such as paper or wood,
where they would not be able to be seen [6].

Forensic scientists are trying to improve the activity of
ninhydrin by searching for more effective analogs. While a
large literature exists for the synthesis and characterization
of alternative compounds to ninhydrin, so far none has been
found that offers significant advantages [1, 4]. In this
regard, we note the example of 1,8-diaza-9-fluorenone
(DFO), which was synthesized in the late 1980s and found
to have superior sensitivity compared to ninhydrin [15-17].
However, the compound it produces upon reaction with
amino acids in the fingerprint is not as strongly colored as
Ruhemann’s Purple. Also, Elber, Frank and Almog used
semi-empirical quantum chemical computations to suggest
several new Ruhemann’s Purple analogues that have the
potential to fluoresce [18].

In order to help find alternatives to ninhydrin, Petraco
et al. [19] have taken the first steps to understand the
reactivity of ninhydrin and a model amino acid from a
fundamental point of view. Quantum chemistry methods
were used to study in detail the reaction energies of the
mechanism to form Ruhemann’s Purple. This work is a
continuation of the latter study and designs a number of
analogs of ninhydrin. We compute the energy of reaction of
each of these compounds with alanine as a model amino
acid, producing substituted Ruhemann’s Purples using the
Hartree—Fock quantum chemical model.

Computational methods

All computations were performed using the Spartan suite of
quantum chemistry computer programs [20]. The structures

Fig. 1 The net reaction between
alanine and the substituted
ninhydrin analogues. All three _
isomers of Ruhemann’s Purple o
discussed in this study are
shown (a—c). The lower left
hand corner shows the position
numbers for the substitution of
sidegroups (R=H, F, NH,,
OCHs;, OH) on the six-member
ring of ninhydrin. If the side
group is substituted at position
C2 or C3 on ninhydrin then we
considered only the produced
Ruhemann’s Purple that has
both side groups substituted at
the same positions on both its
six-member rings

R 0
X OH @

OH CH;

alanine

ninhydrin

ninhydrin substitutions
R=H, F, NH,, OCH;, OH
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of each molecule (see below) were optimized at the spin-
restricted Hartree—Fock self consistent field (RHF-SCF)
level of theory using analytic derivative methods and the
6-31G** basis set. The 6-31G** basis set of Pople is a split
valence Gaussian set using one Slater type orbital for the
core electrons of each atom, expanded in six Gaussian
functions. The valence electrons of the atoms are described
by two Slater orbitals, one expanded in a set of three
Gaussians, one approximated by one Gaussian. In addition,
p-orbitals are set on each hydrogen atom and d-orbitals are
placed on each non-hydrogen atom [21, 22]. Cartesian
coordinate gradients were optimized to less than 10 a.u.
as convergence criteria. Harmonic vibrational frequencies at
the SCF level were evaluated by numerical differences of
analytic gradients. All RHF—SCF structures computed in
this study are energetic minima.

Results and discussion

Figure 1 shows the net reaction between alanine and the
substituted ninhydrin analogues we examined in this paper.
Note that only the net reaction to form substituted
Ruhemann’s Purple is shown. Unsubstituted ninhydrin is
labeled structure 1 in Table 1. The side groups for the
ninhydrin analogues are indexed by structure numbers 2—9
as shown in Table 1. The structures of the Ruhemann’s
Purple analogues produced in the net reaction are labeled
10-18 in Table 2. Figure 2 shows the first step of the
synthesis of Ruhemann’s Purple, i.e., the reaction between
the substituted ninhydrin analogues and alanine to form a
substituted intermediate. These intermediates are labeled
structures 19-27 in Table 3. Throughout this study all
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Table 1 Hartree—Fock theory 6-31G** energies for optimized
structures of alanine, ninhydrin, its analogues, and its products with
alanine

Structure® HF 6-31G** energy (hartree)”
Ninhydrin (1) —643.77216
Alanine —321.88585
Acetaldehyde —152.92265
Carbon dioxide —187.63439
Water —76.02361
Fluoroninhydrin (2) —742.61561
Fluoroninhydrin (3) —742.62015
Aminoninhydrin (4) —698.81878
Aminoninhydrin (5) —698.81054
Methoxyininhydrin (6) —757.65593
Methoxyninhydrin (7) —757.66307
Hydroxyninhydrin (8) —718.64468
Hydroxyninhydrin (9) —718.63453

#Even numbers in parenthesis indicate the side group (R=F, NH,,
OCHj3;, OH), is substituted at the C3-position on the six member ring
of ninhydrin. For odd numbers in parenthesis the substitution is at the
C2- position on the six member ring of ninhydrin (cf. Fig. 1).
Ninhydrin (1) is unsubstituted ninhydrin

°Note that 1 hartree=626.5 kcal mol ™!

structures labeled with even numbers have their side groups
substituted at the C3-position on the six-member ring of
ninhydrin (cf. Fig. 1) and all structures labeled with odd
numbers are substituted at the C2-position (cf. Fig. 1). For
the Ruhemann’s Purples, both six member rings have a
single substitution at the same position (cf. Fig. 1).

Tables 1, 2 and 3 list the energies of the Hartree-Fock
(HF/6-31G**) optimized geometries of each compound
shown in Figs. 1 and 2. Table 4 lists the net reaction energy
(calculated as energy of the products minus energy of the
reactants) required to form the substituted Ruhemann’s
Purple analogues. Finally, Table 5 gives the reaction

Fig. 2 The first step of the 0
synthesis of Ruhemann’s
Purple, i.e., the reaction between
the substituted ninhydrin
analogues and alanine to form 0
the substituted first
intermediate

A OH
=

ninhydrin

T
+ HN- |G{'C- OH
OH CH;

alanine

Table 2 Hartree Fock Theory 6-31G** energies for optimized
structures of Ruhemann’s Purple and its analogues

Structure® HF 6-31G** energy (hartree)
Ruhemann’s Purple (10) isomer 1° —1040.77428
Ruhemann’s Purple isomer 2 —1040.787130
Ruhemann’s Purple isomer 3 —1040.769185
Ruhemann’s Purple-F (11) —1238.46192
Ruhemann’s Purple-F (12) —1238.47031
Ruhemann’s Purple-NH, (13) —1150.85136
Ruhemann’s Purple-NH, (14) —1150.84773
Ruhemann’s Purple-OCHj; (15) —1268.53424
Ruhemann’s Purple-OCHj3 (16) —1268.53907
Ruhemann’s Purple-OH (17) —1190.50446
Ruhemann’s Purple-OH (18) —1190.49527

*Even numbers in parenthesis indicate the side group (R=F, NH2,
OCH3, OH), is substituted at the C3-positions on the six member rings
of Ruhemann’s Purple. For odd numbers in parenthesis the substitution
is at the C2- positions on the six member ring of Ruhemann’s Purple
(cf. Fig. 1). Ruhemann’s Purple (10) is unsubstituted Ruhemann’s
Purple

® The Ruhemann’s Purple isomer used in the reaction energetic analysis
for this study (isomer 1 cf. Fig. la)

energies of the initial reaction in the mechanism for the
formation of the Ruhemann’s Purple analogues.

The exact structure of Ruhemann’s Purple that exists in
solution or in solid phase (as in the case of fingerprint
analysis) has been debated in the literature [23—27]. In par-
ticular, three different isomers have been identified or in-
ferred by using different spectroscopic techniques. Figure 1
displays the three isomers of Ruhemann’s purple in
question. It has been argued by both experiment [23, 28]
and theory [24] that the most brightly colored version of
Ruhemann’s purple is an anionic version of structure in a,
where the anion stems from removing a proton from the

0
K\ OH o
1
F I;II—?HC-OH
0" CH;

first intermediate

+H,0 +CO,

intermediate substitutions
R=H, F, NH,, OCH;, OH
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Table 3 Hartree Fock Theory 6-31G** energies for optimized
structures of the unsubstituted intermediate and its substituted
analogues

Table 5 Hartree Fock Theory 6-31G** reaction energies for the
formation of the unsubstituted intermediate and its substituted
analogues

Structure® HF 6-31G** energy (hartree) Structure Reaction energy (kcal mol ')?
Unsubstituted intermediate (19) —889.62934 Unsubstituted intermediate (19) 3.14

Intermediate -F (20) —988.48016 Intermediate -F (20) —1.45

Intermediate -F (21) —988.47202 Intermediate -F (21) 6.51

Intermediate -NH, (22) —944.67066 Intermediate -NH, (22) 6.50

Intermediate -NH, (23) —944.66719 Intermediate -NH, (23) 3.51

Intermediate -OCHj3 (24) —1003.50711 Intermediate -OCHj3 (24) 6.94

Intermediate -OCH3 (25) —1003.51545 Intermediate -OCHj (25) 6.19

Intermediate -OH (26) —964.49674 Intermediate -OH (26) 8.24

Intermediate -OH (27) —964.49379 Intermediate -OH (27) 1.87

*Even numbers in parenthesis indicate the side group (R=F, NH2,
OCH3, OH), is substituted at the C3-position on the six member ring
of the intermediate. For odd numbers in parenthesis the substitution
is at the C2- position on the six member ring of the intermediate

hydroxide group. Wigfield et al. however have argued that
the protonated version of the colored anion is isomer b
shown in Fig. 1b [23]. Using semi-empirical quantum
calculations, Elber, Frank and Almog have confirmed the
stability of a ylide form of Ruhemann’s Purple (Fig. 1c) put
forth by Grigg et al. from X-ray crystallographic data [18].

According to the computational predictions of Dietz et
al., the most abundant isomer of Ruhemann’s purple in an
acidic environment (such as those under forensic field
conditions) is likely the protonated version of the highly
colored anion (Fig. la). In fact, ground and excited state
computations of Dietz et al. also show that the electronic
structures and spectra of isomers a and ¢ are quite similar
[24]. The structure of Dietz et al. (Fig. la), is the reference
structure for Ruhemann’s Purple we use in this study. Our
reason for focusing on protonated versions of anionic
Ruhemann’s Purple is the fact that the ninhydrin-alanine
reaction generally takes place in solution or on paper (solid

Table 4 Hartree Fock Theory 6-31G** net reaction energies for the
synthesis of Ruhemann’s Purple and its analogues

Ruhemann’s Purple substitution Reaction energy (kcal mol ')

Unsubstituted Ruhemann’s Purple 17.52
Ruhemann’s Purple-F (11) 17.12
Ruhemann’s Purple-F (12) 17.55
Ruhemann’s Purple-NH, (13) 27.72
Ruhemann’s Purple-NH, (14) 19.66
Ruhemann’s Purple-OCHj (15) 22.34
Ruhemann’s Purple-OCHj3 (16) 28.27
Ruhemann’s Purple-OH (17) 26.91
Ruhemann’s Purple-OH (18) 19.94

aNote, 1 hartree=626.51 kcal mol ™!
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aNote, 1 hartree=626.51 kcal mol ™!

phase) under somewhat acidic conditions [28]. Thus we
believe that protonated versions of Ruhemann’s Purple
anions are the most abundant under standard reaction
conditions. We have also carried out computational pre-
dictions of the structures and energetics of isomers b and ¢
given by Wigfield et al. and Grigg et al. [23, 25, 26]. The
electronic energies of Ruhemann’s Purple isomers a, b and
¢ (unsubstituted) appear in Table 2. Note that isomer b is
8.06 kcal mol ! lower in energy than isomer a, and isomer
c is 3.20 kcal mol ! higher in energy than isomer a, respec-
tively. Taken together, these three isomers of Ruhemann’s
Purple are all quite close in energy.

Experimentally inferred mechanistic schemes for the
reaction of ninhydrin with amino acids have been given by
several authors [29-37]. The mechanism of Ruhemann’s
purple formation, put forth by Johnson and McCaldin (and
referred to as the McCaldin mechanism) is the earliest
accepted scheme [31, 32]. The second, which we shall refer
to as the Lamothe mechanism, represents essentially an
extension of the McCaldin mechanism. It was given by
Lamothe and McCormick in order to better account for the
formation of hydrindantin, a reddish compound known to
appear over the course of the reaction [34, 35]. Yet another
mechanism was suggested by Friedman and Williams (the
Friedman mechanism) using further experimentation [36].
This latter mechanism is a radical departure from those
given by McCaldin and Lamothe. Recently, we used
Hartree—Fock computations to postulate that in fact all
three of these mechanisms are energetically feasible from a
reaction surface point of view, and all are likely operable at
elevated temperatures [29—-37]. We have suggested a slight
modification to the McCaldin mechanism as the operable
mechanism of formation of Ruhemann’s purple at room
temperature (~25 °C) considering the relatively high
endothermicities associated with some side reactions
involved in the Lamothe and Friedman mechanisms.
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When considering total net energies consumed or
released in the formation of Ruhemann’s Purple, it is
irrelevant which mechanism is considered. This is because
we are not concerned with the details of what chemistry
occurs between the starting material and products, only the
energetic differences between them. All three mechanisms
consume ninhydrin and alanine to produce Ruhemann’s
purple. Again, the net total reaction is shown in Fig. 1. As
can be seen from Table 4, the net total reactions involving
both substituted and unsubtituted Ruhemann’s purple are
endothermic. The substituted side groups tend to increase
the endothermicity slightly in comparison to the unsub-
stituted reaction. The exception is when fluorine is sub-
stituted at the C2-position on the six-member ring of
ninhydrin (Fig. 1); however, the decrease in endothermicity
with respect to the unsubstituted reaction is only slight
(~0.4 kcal mol™"). The principal reason for the increase in
endothermicity in the net total reaction seems to be steric in
nature as can be observed from Table 4. In general, the
bulkier the side group, the higher the endothermicity. All
increases in endothermicity (with respect to the reaction
with the unsubstituted species) are small, with the largest
increase coming from the methoxy side group (—OCH3)
substituted at the C3-position on the six-member ring of
ninhydrin (Fig. 1). We see this energetic trend for the
substitution at the C2-position on the six-member ring of
ninhydrin as well as for ninhydrins substituted at the C3-
position. There is no clear relationship between the reaction
energy and whether or not the side group is substituted at
the C2- or C3-position on the six member ring.

The same general trends can be observed for the reactions
involving both the substituted and unsubstituted intermediate
(Table 5). The exception is for the —OH substitutions, which
show both the largest (8.24 kcal mol™') and the smallest
(1.87 kecal mol') endothermicities. Also, an interesting
result appears for the reaction of alanine and ninhydrin with
fluorine substituted at the C3-position on the six-member
ring of ninhydrin. This reaction is slightly exothermic
(—1.45 kcal mol ). All the other reactions between alanine
and ninhydrin (both substituted and unsubstituted) are
endothermic, ranging from 1.87 kcal mol™' (—OH substituted
at the C2-position on the six-member ring of ninhydrin) to
8.24 kcal mol! (~OH substituted at the C3-position on the
six-member ring of ninhydrin).

Conclusion

Our results show the possibility of finding an analog of
ninhydrin that might undergo a less endothermic process as
it forms (substituted) Ruhemann’s Purple. It might be
advisable for experimentalists to synthesize the fluorine-
containing analog, as well as other similar molecules and
determine their spectroscopic properties in order to examine

if these compounds may be more satisfactory for the
production of colored product when applied to fingerprints.
The investigation of the activity of these molecules can lead
to the discovery of better agents for fingerprinting. We are
currently performing excited state computations on all of
the species discussed in this study in order to help predict
their (electronic) spectroscopic properties, in particular their
ability to fluoresce.
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