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ABSTRACT
We report the synthesis of a series of pH-sensitive fluorescent dyes from
rhodamine B and para-substituted anilines, which were selected to span a wide
range of electronic properties, as given by their Hammett constants. The rate of
ring-opening of the rhodamine spirolactams upon exposure to acid was studied
by fluorescence spectroscopy. Correlations between the substituent Hammett
constant and the properties of the dye were observed and suggest general
applicability to the design of rhodamine-based pH probes.
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Chapter 1: Introduction to Rhodamine Dyes
Background
Fluorescent dyes have been synthesized and studied for over a century and have
been employed in a variety of disciplines. The fluorescent compounds known as
rhodamine dyes were first synthesized in 1905 by Noelting and Dziewonsky.1 Although
many different rhodamine derivatives have been synthesized, there have been
comparatively few efforts to examine exactly how their stereoelectronic properties impact
their function as fluorescent chemosensors. Both projects described in the subsequent
chapters are united under the overarching theme of determining the contribution of
electronics to how rhodamines respond to changes in pH. This is demonstrated through
kinetics and titration studies utilizing both absorbance and fluorescence. Elucidation of
the impact of electronics possesses implications for the rational design of rhodamine
derivatives that respond both rapidly and strongly to acidic stimuli.
Rhodamines are a subset of the larger class of xanthene dyes, which are
#

^

characterized by the presence of the tricyclic xanthene core within the molecule. Several
of these xanthene dyes are commercially available and differ primarily with respect to the
substituents on the core; rhodamines possess amino functionalities, while fluoresceins
possess hydroxy or carbonyl substituents. Figure 1.1 shows the structures of rhodamine
B, rhodamine 6G, and fluorescein, several members of the xanthene dye family.

1

COoEt
Me
EtpN

NHEt
R hodam ine B

C O pH

Me
HO

Rhodamine 6G

Fluorescein

Figure 1.1 Structures of several xanthene dyes

When the upper ring possesses an acid or amide substituent, xanthene dyes can exist in
equilibrium between two different forms. The ring closed “leuco” form is colorless and
nonfluorescent due to the quaternary spirocyclic carbon, which disrupts the conjugation
and aromaticity of the system. The closed form is in equilibrium with the highly
conjugated ring open form, which is brightly colored and fluorescent. Figure 1.2 shows
the equilibrium between the two forms of rhodamine B.

CO;

EtpN

NEt

NEt;

Figure 1.2 Equilibrium of closed and open forms of rhodamine B

Reaction of a rhodamine spirolactone with an amine yields a spirolactam, which is more
readily functionalized due to the nitrogen’s ability to form an additional exocyclic bond.
Rhodamine hydrazides, Figure 1.3, are commonly used due to the (3-nitrogen’s ability to
react with electrophiles.
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Figure 1.3 Structures of rhodamine hydrazides

Absorbance and Fluorescence
When the wavelength of incident electromagnetic radiation is equivalent to the
)
energy gap between states within a molecule, the radiation can be absorbed. For
molecular absorbance, a transition occurs from a lower ground state to an excited state
that is higher in energy. Excitation via radiation in the ultraviolet and visible regions of
the electromagnetic spectrum, ranging from 190 nm to 800 nm, causes these transitions
between electronic states. In the closed form of rhodamine B, for example, the
spirolactone is positioned orthogonally to the xanthene core, so there is minimal overlap
of the 7i orbitals of each component. As a result, spirocyclic rhodamines do not absorb in
the visible region of light because the electronic transitions are too high in energy.
However, in the open form, the aromatic substituent on the xanthene core can freely
rotate to maximize n orbital overlap. This conjugation within the system causes the
energy gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) to become smaller. This, in turn, corresponds to a
higher wavelength of absorbance, which is observed in the visible region.
Absorbance in dilute solutions is described according to the Beer-Lambert Law:

3

A = zbc
where A is the absorbance, s is the molar absorptivity, which is a wavelength-dependent
constant for a given molecule, b is the path length of the sample cell, and c is the molar
concentration of the absorbing species. At concentrations greater than 0.01 M, however,
the Beer-Lambert Law deviates from this linear relationship due to increased solutesolute and solute-solvent interactions. These interactions can create instantaneous dipoles
in solution that affect the charge distributions in nearby molecules, altering their ability to
absorb radiation. In ethanolic solution, rhodamine B possesses a molar absorptivity of
106,000 cm'VM at 542.8 nm, the wavelength of maximum absorbance.
Once a molecule is in an upper excited state, it has numerous pathways by which
it can relax back to the ground state. Fluorescence is the radiative transition from an
excited singlet state, Si, to the ground state, So. After absorbance occurs, the excited state
molecule quickly relaxes to the vibrational ground state of Si through internal conversion,
so fluorescence generally occurs from the lowest vibrational level of S]. This process is
depicted in Figure 1.4, a Jablonski diagram.

Absorption

Internal
Conversion
Intersystem
Crossing
P hosphorescence

Fluorescence Vibrational
Relaxation

Figure 1.4 Jablonski diagram showing absorption and fluorescence
4

The quantum yield of fluorescence is defined as the proportion of photons emitted
through fluorescence to the number of photons absorbed. Rhodamine B has a
fluorescence quantum yield of 0.7 in ethanol, making it a highly fluorescent molecule in
its open form.

Rhodamine Dyes as pH Sensors
While rhodamines have been used extensively as metal ion sensors,2,4 they have
not been utilized for pH sensing to a comparable degree. Many diseases, including
several types of cancer,5 neurodegenerative disorders such as Alzheimer’s,6 and cystic
fibrosis,7 are known to be associated with abnormal pH regulation in specific cell
locations.8 While a normal blood pH is 7.4,9 cells with abnormal regulatory processes can
possess pH values ranging from 4.5-6, which is often referred to as the “acidic
window”.10 Normal

cell

events,

including

phagocytosis,11 endocytosis,12 and

chemotaxis,13 can also be monitored by tracking intracellular pH. Fluorescent probes,
•

*

when designed optimally, should be highly sensitive and selective to a change in pH.

2

Turn-on probes, in which the probe is nonfluorescent in basic or neutral conditions but is
fluorescent in acidic conditions, give maximal sensitivity and limits of detection.
However, relatively few tum-on probes have been reported that are designed to primarily
function within the acidic window.
In 2012, Fan et al. synthesized probe 3 from the condensation of rhodamine 6G
hydrazide 2 with oxaldehyde in 66% yield.14 The spirocyclic nature of the probe at basic
and neutral pH values was verified via single crystal x-ray crystallography. In a 1:1
solution of acetonitrile and water, the probe was found to possess a pKa of 2.32, well
5

below the acidic window but potentially useful for highly acidic environments. As pH
was decreased from 13.2 to 1.0, the authors observed a 28 nm bathochromic shift of the
fluorescence emission maximum, from 532 nm to 560 nm. The structure of the
fluorescent species was proposed to be 4 in this solution, but this structure was not
verified experimentally.

//— CHO
N -N
Me

Me
EtHN

CHO
Me

NHEt

Me

EtHN

NHEt

3

4

Figure 1.5 Proposed equilibrium for rhodamine 6G oxaldehyde derivative

Ming synthesized a similar hydrazone, 5, in 2011 as a tum-on fluorescence sensor
for aluminum corrosion, which can produce aluminum hydroxide and hydronium ions as
byproducts.15 The probe was synthesized from rhodamine B hydrazide and acetone in
73% yield and was initially incorporated into two types of epoxy coatings, after which
the coatings were applied onto panels of aluminum alloy.

P Me
N -N

EtoN

Me

NEt-

5

Figure 1.6 Structure of hydrazone 5

6

Fluorescence was observed in corroded regions of the alloy, but no careful pH
dependence was examined. The mechanism of fluorescence for the probe was not
initially known; consequently, the authors aimed to determine the mechanism through
which it occurred. ESI-MS peaks from 5 in the presence of acid were found to correspond
to several peaks of hydrazide 1, indicating that 5 had hydrolyzed to rhodamine B
hydrazide in acidic media. NMR studies of 5 in mixed THF-ds/E^O solvent with small
amounts of added HC1 showed the presence of 1 as well as acetone, the byproduct of
hydrolysis. The authors proposed that acid-catalyzed hydrolysis initially occurs via
protonation of the (3-nitrogen, yielding the spirocyclic rhodamine B hydrazide as an
intermediate. Protonation of the hydrazide (3-nitrogen, known in the literature, 16 would
then be expected to initiate the ring-opening process.
This ring-opening mechanism was utilized by Tae et ah in their design of probes
for the solid state detection of acid vapors.17 The authors synthesized a series of probes
by allowing rhodamine B, rhodamine 6G, and fluorescein to react with a variety of
amines, generating spirolactam products in yields ranging from 25-88%. Filter papers
were dipped into solutions of the probes in dichloromethane, and the papers were
subsequently exposed to the vapors of several acids, including HC1, HF, HBr, and HNO3.
For this solid-state application, rhodamine amides were not found to be significantly
responsive to acid; however, rhodamine hydrazides, such as rhodamine 6G hydrazide,
were found to respond efficiently to acid vapors. To rationalize this behavior, the authors
proposed that the rhodamine hydrazides possess a more stabilized structure after ringopening than the rhodamine amides do, as shown in Figure 1.7.
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Figure 1.7 Proposed mechanism for ring-opening of rhodamine hydrazides

After protonation occurs at the p-nitrogen, ring-opening yields a species stabilized by
intramolecular hydrogen bonding in their proposed scheme.
In 2011, Lin proposed a method for the rational design of pH-sensitive rhodamine
derivatives based on their steric properties.18 Several examples indicate that rhodamine
6G-based dyes possess a greater sensitivity for turn-on fluorescence than rhodamine B or
fluorescein derivatives, which the authors propose is related to the methyl substituents
directly on the xanthene core. The authors propose that these methyl groups destabilize
the closed form, which assists the ring-opening process and causes it to occur at a higher
pH. The authors synthesized a series of rhodamine B and 6G derivatives containing
spirolactam nitrogen substituents of differing steric bulk, shown in Figure 1.8 along with
the calculated pKa for each derivative.
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9
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PKa = 5.6 (11)

Figure 1.8 Summary of spirolactam substituent effect on pKa of ring-opening

The authors found evidence suggesting the effect of steric bulk on the observed
pKa. The TV-hydroxyethyl derivative 6 was found to possess the lowest pKa of 2.8, and the
derivatives 7 and 8, synthesized from ortho and para substituted hydroxyanilines
respectively, were found to have pKa values of 3.2 and 3.6. The ortho isomer was thought
to possess the slightly higher pKa due to the hydroxy group’s closer proximity to the
spirocyclic carbon, where a steric effect could be more pronounced. The naphthalenebased derivative 9, however, has a pKa of 3.3, which is inconsistent with a purely steric
explanation since the naphthalene moiety is larger than either of the aromatic
substituents. The final rhodamine 6G derivative 10, with an adamantyl substituent, had a
pKa of 6.5, indicating a large steric effect on the ring-opening. The rhodamine B analogue
11 was found to possess a lower pKa of 5.6, reinforcing the notion that the methyl

substituents on the xanthene alter the ring-opening process. Since the derivatives studied
differ sterically but are not of equivalent electronic effect, further work is required to
9

determine the relative contributions of sterics and electronics to the pKa of rhodamine
derivatives.

Hammett Substituent Theory
Hammett substituent theory was developed as a method of quantifying the
electronic properties of various functional groups.19 Hammett theory was originally
developed by empirically examining the ionization constants of substituted benzoic acids
as defined by the following equation:
K
a = log—
k h

where o is the Hammett constant and is unique for a given substituent, K is the ionization
constant of the substituted benzoic acid, and KH is the ionization constant for benzoic
acid. Since the substituent is conjugated to the carboxylic acid functionality, the o
constant provides a measure of both the inductive and resonance effects of the substituent
on the system. This constant can be either for the substituent in the para position or the
meta position, a p and omrespectively; ortho substituents are generally not considered due
to both steric inhibition of resonance and potential conformational changes, which are not
as easily quantified. Efforts have subsequently been made to quantify the relative
contributions of inductive and resonance effects on the substituent constant through the
use of rigid, bicyclooctane carboxylic acids, which do not permit resonance between the
substituent and the carboxylic acid. The substituent constant that arises from these
systems is F, incorporating inductive effects through a bonds as well as field effects,
which occur through space.
10

Substituents under Hammett theory can be electron donating or electron
withdrawing. A positive value of o indicates that the substituent is electron withdrawing,
whereas a negative value indicates that it is electron donating. For example, a nitro
substituent, electron withdrawing both inductively and by resonance, possesses a op value
of 0.78, while a methyl group, electron donating by induction, has a value o f -0.17. 20 For
•

substituents that have opposite trends for induction and resonance, such as halogens and
hydroxyl groups, the sign of the a p constant is a measure of which effect dominates. For
instance, the op constant for a bromo substituent is 0.23, which indicates that it is more
electron withdrawing by induction than it is electron donating by resonance. Since the F
constant is used for inductive and field effects only, a positive value indicates that it is
electron withdrawing by induction and a negative value indicates that it is electron
donating.
Hammett theory has been extended to many systems and reactions that do not
incorporate benzoic acid functionalities. For a given reaction with various substituents, a
Hammett plot can be constructed with the logarithm of the ratios of equilibrium constants
on the y-axis and the Hammett substituent constant on the x-axis. If there is a direct
relationship between the substituent and reaction, the Hammett equation to fit this plot is
then:
K
log— = pa
&H
where p is the proportionality constant for the reaction. A positive value of p indicates
that the reaction is facilitated by electron withdrawing substituents, whereas a negative
value signifies that the reaction is assisted by electron donating substituents. Using the

11

relationships between the free energies of activation and rate constants, it can be shown
that:
k
log— = pa
kh

where k is the rate constant for the substituted benzene derivative and kn is the rate
constant for the unsubstituted benzene derivative. Experimentally, the measurement of
reaction kinetics and rate constants is often far simpler than determination of equilibrium
constants, making it a more useful choice for analysis.

Kinetic Models
The kinetics of a chemical reaction can be monitored to provide insights into how
a reactant molecule is converted into a molecule of product.

91

In a first order process, the

rate of conversion of reactant into product only depends on the concentration of the
reactant, such that:
d[A]

- i r = ~ kM
in which k is the rate constant for the reaction and [A] is the concentration of the reactant
A. Integration of this expression and rearrangement gives an expression for the
concentration of product formed as a function of time:
[/>] = M o ( l - e ~ kt)
where [A]o is the initial concentration of reactant A and t is the time. In a second order
process, the rate of product formation depends on the interaction of two reactant
molecules. If the concentration of one reactant in a second order process is sufficiently
high that it can be regarded as constant throughout the course of the reaction, the reaction
12

is said to be pseudo first order. In this case, the reaction can be approximated as
following first order kinetics that depend only on the reactant that is not in excess.
Another useful model is that of rapid equilibrium kinetics. In this scheme, two
reactants are in equilibrium with an activated complex of the two, which can either
dissociate back to the reactants or go on to irreversibly form the product. This is
schematically represented below:
A + B ^ AB -> P

This type of kinetics model can be used to simulate a multistep reaction where the first
step is reversible but the second step is irreversible.
Since rate constants are temperature-dependent, reaction kinetics can be utilized
to determine the activation energy for a given reaction or process according to the
Arrhenius equation:
k-Ae

~Ea/
' rt

where A is the Arrhenius factor, Ea is the activation energy, R is the molar gas constant,
and T is the temperature. Taking the natural log of the Arrhenius equation gives:
ln (k ) = ln(A ) - y ^

This equation predicts that plotting ln(&) against \ / T will give a straight line, the slope of
which can be related to the activation energy for the reaction. This indicates that
measuring the reaction kinetics at several different temperatures enables the calculation
of the thermodynamic activation energy for the reaction.
Fluorescence is one method through which reaction kinetics can be monitored.
One type of reaction for which fluorescence is a suitable method of kinetics monitoring is
13

a turn-on fluorescence process, in which the reactant is nonfluorescent and the product is
fluorescent. In this type of reaction, such as an initially spirocyclic rhodamine converting
into the ring open form, the initial background is very low because fluorescence
possesses inherently high sensitivity. The increase in fluorescence can be tracked as a
function of time to indicate how quickly the fluorescent product forms. Another type of
reaction for which this is applicable is a turn-off fluorescence process, in which the
reactant is fluorescent and the product is either nonfluorescent or possesses a lower
fluorescence intensity than the reactant. Monitoring fluorescence as a function of time
can enable the decay of reactant fluorescence to be measured. However, this is less
sensitive than a tum-on process because it is measuring a relative decrease in
fluorescence compared to a high initial amount instead of an increase compared to
virtually no fluorescence background.

14
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Chapter 2: Rhodamine Benzaldehyde Derivatives
Introduction
We aimed to synthesize a series of rhodamine derivatives by functionalizing the
spirolactam nitrogen with additional aromatic structures connected through a hydrazone
linkage. Each derivative would possess a substituent with a different Hammett constant to
vary their electronic properties. These derivatives were expected to have different rates of
ring-opening as determined by fluorescence kinetics measurements. We initially
envisioned that an electron donating group would make the rhodamine carbonyl more
basic and therefore more susceptible to protonation, causing it to undergo a ring-opening
process more rapidly. We also predicted that an electron withdrawing substituent would
remove electron density from the carbonyl oxygen, making it less basic and causing the
rate of ring-opening to be far slower.

Design and Synthesis
We envisioned the synthesis of our derivative series from simple condensation
reactions between a rhodamine hydrazide and a series of aldehydes. The series of
rhodamine B probes was synthesized from the common rhodamine B hydrazide precursor
1, which was prepared by the reaction of rhodamine B with hydrazine monohydrate in
refluxing ethanolic solution and was used without purification. The rhodamine B
benzaldehyde derivatives 2-6 were subsequently synthesized via the condensation of
hydrazide 1 with para-substituted benzaldehydes in yields ranging from 31% to 71%, as
shown in Figure 2.1.
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R
R
OHC
EtOH, CH2CI2
Et2N

NEt2

Et2N
1

R = OH (2), N 0 2 (3),
Me (4), H (5), Br (6)

Figure 2.1 Synthesis of rhodamine B benzaldehyde derivatives 2-6

These /?<zra-substituted benzaldehydes were chosen to maximize the substituent effect on
the Hammett constant and span a wide variety of electronic properties. We attempted the
synthesis of several other derivatives, using benzaldehydes containing para substituted
acetamide or methoxy groups. Less than 10% product conversion was observed for the 4acetamidobenzaldehyde reaction, and no conversion was observed when using 4anisaldehyde, even with the use of molecular sieves to facilitate removal of water from
the reaction.
We subsequently adapted our reaction conditions to make a second series of
derivatives, synthesizing rhodamine 6G hydrazide 7 through the reaction of rhodamine
6G and hydrazine monohydrate. Rhodamine 6G benzaldehyde derivatives 8-11 were
synthesized from the condensation of precursor 7 with para-substituted benzaldehydes,
as shown in Figure 2.2. The derivatives were produced in yields ranging from 61% to
79%.

18

'

R = Me (8), H (9),
Br (10), N 0 2 (11)

Figure 2.2 Synthesis of rhodamine 6G benzaldehyde derivatives 8-11

Studies of Rhodamine B Benzaldehyde Derivatives in 1:1 M e0H:H20
Based on the honors thesis work of Courtney Roberts, we knew that the
rhodamine B benzaldehyde derivatives underwent a fluorescent response to acid in 1:1
MeOHiKhO. Accordingly, we wanted to examine whether there was a correlation
between the substituent from the benzaldehyde and the rate at which ring-opening and
fluorescence occurred. To a given sample of known dilution stirring in a quartz cuvette in
the fluorimeter at 25 °C, 10 pL of 2M HC1 was introduced via autopipette. The
fluorescence of the mixture was recorded as a function of time after the introduction of
acid into the cuvette, with the length of time measured dependent on the derivative
studied. Figure 2.3 shows representative kinetics scans for the derivatives with fit curves.
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Figure 2.3 Fluorescence kinetic studies of 2-5 in 1:1 MeOFFFkO with rapid equilibrium
fits

A first order kinetics fit was insufficient to match our data based on initial
inspection, so we attempted to employ rapid equilibrium kinetics to model the data.
While neither curve fully fits the data, the rapid equilibrium model provides a better fit to
what occurs at the onset of the fluorescence. A summary of the kinetics data is shown in
Table 2.1 along with the Hammett constant a p.
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Com pound

Me (4)

H (5)

OH (2)

N 0 2 (3)

op

-0.17

0.0 0

-0.37

0.78

Rate
constant
(S’1)

0 .5 1 7

0 .0 1 4 4

0.00351

0 .0 0 2 2 4

Half life
(s)

1.34

4 8 .1 7

197.61

3 0 9 .4 4

Table 2.1 Summary of kinetics data for derivatives 2-5 in 1:1 MeOHiTkO

In the 1:1 Me0 H:H20 solvent system, the rate constant varies greatly with the
substituent. To examine this as a function of electronics, we constructed a Hammett plot,
shown in Figure 2.4.

1.5Me (4)
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Figure 2.4 Hammett plot of rate constant in 1:1 MeOH:H20
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The Hammett plot does not show any significant correlation between electronics and rate
of fluorescence when using the op constant, although it was promising that derivatives 25 possessed different rate constants. It was unclear at this point whether there was no
trend between electronics and rate of ring opening, or whether there was some other
factor, such as the solvent system, that was concealing the trend.
Since the rate constant did vary between the derivatives in the series, we wanted
to determine whether the derivatives possessed different pKa values. In the 1:1
Me0 H:H20 solvent, we performed preliminary studies using a solution of rhodamine B
hydrazide at a known concentration, which was allowed to stir for 30 minutes.1 Microliter
amounts of 2M HC1 were added to the bulk solution, adjusting the pH from neutral to
acidic in small increments. However, we observed a lack of consistency in pH readings in
this solvent mixture, oscillating between values as much as 0.6 pH units apart. We
considered the possibility that this instability was associated with a lack of complete
solubility of our derivatives in the solution, so we discontinued use of methanolic
solutions for our studies.

pH Titrations of Rhodamine B Benzaldehyde Derivatives in 1:9 EtOHiHiO
We next attempted to obtain pH titrations in a 1:9 Et0 H:H20 solution. Ethanol
was chosen to help ensure that the derivatives were fully dissolved, but a high proportion
o f water was selected to attempt to demonstrate our probes’ usefulness in predominantly
aqueous mixtures. Solutions of derivatives 2-5 in 1:9 EtOH:H20 were prepared and
allowed to stir for one hour prior to study. Microliter amounts of 2M HC1 were added to
the bulk solution, aliquots of which were used for absorbance and fluorescence
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measurements, facilitating the generation of titration curves as a function of pH of the
solution. Representative titration curves based on absorbance are shown in Figure 2.5,
while those based on fluorescence are shown in Figure 2.6.
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Figure 2.5 Absorbance pH titrations for derivatives 2-5 in 1:9 EtOH:H20
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Figure 2.6 Fluorescence pH titrations for derivatives 2-5 in 1:9 EtOH:H20

From both the absorbance and titration curves, it is clear that there is a
relationship between pH and the brightness of the rhodamine benzaldehyde derivatives.
Table 2.2 shows the calculated pKa values in 1:9 EtOH:H20.

Com pound

Me (4)

H (5)

OH (2)

N 0 2 (3)

PKa

2 .8 7

3 .1 0

4 .0 9

2 .9 7

Table 2.2 Calculated pKa values in 1:9 EtOH:H20

Derivatives 2-5 have calculated pKa values of about 2.87-3.10, below the acidic window
but close to one another. Hydroxy derivative 2 has a calculated pKa value of about 4.09,
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near the bottom limit of the acidic window, making it a potentially useful probe. All four
derivatives reach a maximum absorbance and fluorescence at a given pH and then
experience a sharp decrease after this point. This decrease may be caused by the start of
protonation of a xanthene nitrogen atom, which possesses a pKa of 0.80. Protonation
would change the chromophore and could account for the observed decreases in
absorbance and fluorescence intensity. We are unsure, however, as to why the hydroxy
derivative 2 possesses a different pKa than the other members of the series. Phenolic
hydroxyl groups possess pKa values of less than zero for generation of the
phenyloxonium ion, so the difference is unlikely to arise from protonation of the phenol.
However, we also noticed that upon addition of acid for the pH titrations, the nitro
derivative 3 responded very quickly to a change in pH, unlike its behavior in the 1:1
Me0 H:H20 solution above. This rapid response in 1:9 Et0 H:H20 solvent posed the
potential problem that all derivatives would have similarly rapid kinetics and a trend
would not be as discemable. This led us to recognize the solvent dependence of kinetics
and pursue a 1:1 E tO H ftO solvent system to attempt to increase the rates of all the
derivatives compared to methanolic solution but keep them less than the 1:9 Et0 H:H20
solution.

Studies in 1:1 EtOHrHbO
Titrations were performed on hydrazide 1 and derivatives 4-6 in 1:1 Et0 H:H20 as
described above. Absorbance titration results are shown in Figure 2.7, and fluorescence
titration results are shown in Figure 2.8.
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Figure 2.7 Absorbance pH titrations for derivatives 1, 4-6 in 1:1 Et0 H:H20
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In the 1:1 EtOHiH^O solution, derivatives 4-6 all possess pKa values of approximately
4.03, indicating that the pKa depends on the solvent composition as well as the pH.
However, hydrazide 1 has a pKa of 4.44 when measured from fluorescence and 4.14 from
absorbance, both of which are higher than the pKa of derivatives 4-6.
To determine whether the solvent system also changed the rate of reaction, we
investigated the kinetics in 1:1 Et0 H:H20, representative fluorescence scans of which are
shown in Figure 2.9.
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Figure 2.9 Fluorescence kinetic studies of derivatives 4-6 in 1:1 EtOH:H20

We also investigated the kinetics of the same rhodamine 6G derivatives, shown in
Figure 2.10.
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Figure 2.10 Fluorescence kinetic studies of derivatives 8-10 in 1:1 EtOFFFEO

Both series of rhodamine derivatives possess rapid rates of ring opening, as summarized
in Table 2.3.

Rhodam ine 6G

Rhodam ine B
R=

Me (4)

H (5)

Br (6)

Me (8)

H (9)

Br (10)

°P

-0.17

0 .0 0

0.23

-0.17

0.00

0.23

Rate
constant
(S'1)

0.4 5 8

0 .4 2 0

0 .4 1 8

0.971

0 .8 6 9

0.988

Half life
(s)

1.51

1.65

1.66

0 .7 1 4

0 .7 9 8

0.702

Table 2.3 Summary of rhodamine benzaldehyde kinetics data in 1:1 EtOFFfEO
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The kinetics of ring opening in 1:1 EtOHiEbO are much faster for all derivatives than in
1:1 Me0 H:H20, indicating a strong solvent dependence for the fluorescence process. In
the ethanolic solution, while each rhodamine series differs from one another, the kinetics
are consistent depending on the rhodamine core used, with the rhodamine 6G derivatives
being more rapid in response than the rhodamine B derivatives. Although pH titrations
were not performed for the rhodamine 6G derivatives, based on literature precedent, they
should have higher pKa values than their rhodamine B counterparts. This explanation of
steric bulk could also account for a faster ring-opening and fluorescence process, and
further work should be done to consider this possibility.

NMR Studies
To determine the final fluorescent products obtained after kinetics or pH titration
studies, we utilized NMR spectroscopy to determine what was produced when acid was
added to a sample of derivative 5.4 To a solution of 5 in DMSO-d6 was added a small
amount of concentrated HC1 and the resulting solution was allowed to stir for several
minutes before the NMR spectrum was recorded. Upon addition of the deuterated acid,
the spectrum was no longer identical to that of 5, but instead gained an aldehyde peak.
This indicates that the hydrazone functionality in 5 is hydrolyzed in acidic solution,
affording the corresponding benzaldehyde and rhodamine B hydrazide 1. This then
undergoes a ring-opening process to yield the fluorescent product stabilized by
intramolecular hydrogen-bonding.5 This proposed mechanism of fluorescence is shown in
Figure 2.11.
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Figure 2.11 Proposed mechanism of fluorescence for rhodamine B benzaldehyde
derivatives

This putative mechanism of fluorescence indicates that our kinetic measurements
did not necessarily track the rate of ring opening, as we had first envisioned. Rather, the
rate of hydrolysis to afford the rhodamine hydrazides is also a contributing factor.
Intermediates in the hydrolysis and ring-opening processes possible with these rhodamine
derivatives are positively charged due to protonation in acidic solution, and the charge is
alleviated when the hydrolysis or ring-opening occurs. In the ethanol-containing
solutions, we observed a rapid fluorescent response to acid that was seemingly
independent of the substituent and first order in all cases. This indicates that the
hydrolysis step is extremely rapid for all derivatives, regardless of the substituent, so the
kinetics observed in an ethanolic solution correspond to the ring-opening of the
hydrolysis product, the rhodamine hydrazide.
In the methanolic solutions, the calculated rates are far slower than when the
solution contains ethanol. Since the protonated intermediate has more charge than the

transition state for hydrolysis or ring-opening, a more polar solvent system such as
methanol would be expected to stabilize the intermediate more than the transition state.
This would cause the difference in energy between these states, the activation energy for
the process, to increase, making it occur more slowly in a more polar solvent. Thus both
the hydrolysis and actual ring-opening of the rhodamine derivatives are slower in
methanolic solution. The slow hydrolysis can be impacted further by the substituents in
resonance with the hydrazone. Since the hydrolysis rate varies between derivatives, the
amount of hydrazide, and therefore fluorescent product, that can be produced also varies.
This complicates the kinetics in methanolic solution, causing them to not be first order or
fit a rapid equilibrium model well.

Conclusions
We synthesized two series of rhodamine-based dyes from the condensation of
rhodamine hydrazides with/>ara-substituted benzaldehydes. In 1:1 MeOHffbO solutions,
the rhodamine B series exhibited different kinetic responses to acid, but pH regulation
was unsuccessful. In 1:1 Et0 H:H20 solutions, however, the rhodamine B series and
rhodamine 6G series each possessed similar rate constants for their fluorescent response
to acid. The rhodamine 6G derivatives responded more quickly to acid than did the
rhodamine B derivatives, likely due to the additional steric bulk on the xanthene core of
rhodamine 6G. pH titrations of the rhodamine B derivatives showed pKa values of about
4.03 in 1:1 EtOH:HiO, below the desired acidic window.
However, the observed hydrolysis limits the usefulness of both benzaldehydebased series in future applications. While these derivatives could be used as fluorescent
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pH sensors, they operate primarily in a highly acidic pH region in methanolic solution,
which restricts their potential use. Furthermore, the observed hydrolytic instability makes
this type of design incorporating a hydrazone or imine linkage impractical for
applications where the retention of the aldehyde component is desired. For example, this
type of reaction, while synthetically simple, could not be used to construct a
bichromophoric system for ratiometric measurement of pH.
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Experimental Section

c o 2h

N -N H .

h 2 n n h 2* h 2o

EtOH, 100 °C, 6 h
NEt

NEtpCI

EtoN

1

2-ammo-3f,6’-bis(diethylamino)spiro[isoindoline-l,9f-xanthen]-3-one (1): Prepared
according to Xiang.1 To a stirred solution of rhodamine B (3.34 g, 6.97 mmol) in ethanol
(80 mL) was added hydrazine monohydrate (8.47 mL, 174.25 mmol) dropwise. The
mixture was heated to vigorous reflux at 100 °C for 6 h and then cooled to 23 °C. The
mixture was concentrated in vacuo, and the resulting red oil was dissolved in 1M HC1
(350 mL). Addition of 1M NaOH (400 mL) and filtration afforded 1 (3.17 g, 92% yield)
as a tan solid: lU NMR (400 MHz, CDC13) 7.93 (m, 1H), 7.45-7.43 (m, 2H), 7.10 (m,
1H), 6.47-6.45 (d, J = 8.6 Hz, 2H), 6.42 (s, 2H), 6.31-6.28 (d, J = 9.0 Hz, 2H), 3.62 (br. s,
2H), 3.36-3.31 (q, J = 6.9 Hz, 8H), 1.18-1.15 (t, J = 6.8 Hz, 12H); 13C NMR (100 MHz,
CDC13) 166.1, 153.8, 151.5, 148.8, 132.5, 130.0, 128.1, 128.0, 123.8, 122.9, 107.9,
104.4, 97.9, 65.9, 44.3, 12.5.

OH
N -N H

OHC

NEt

EtpN

1

. O

' 0"

N -N

EtOH, CH2CI2,
6 0 °C, 16 h '

NEt

2

1 Xiang, Y.A.; Tong, P.J.; Ju, Y. New Fluorescent Rhodamine Hydrazone Chemosensor
for Cu(II) with High Selectivity and Sensitivity. Org. Lett 2 0 0 6 ,8, 2863-2866.
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(£)-3f,6,-bis(diethylamino)-2-((4-hydroxybenzylidene)amino)spiro[isoindolme-l,9’xanthen]-3-one (2): To a stirred solution of 1 (207 mg, 0.453 mmol) in ethanol (5 mL)
and CH2CI2 (10 mL) was added 4-hydroxybenzaldehyde (166 mg, 1.359 mmol). The
mixture was heated to reflux at 60 °C for 16 h and then cooled to 23 °C. The solution was
concentrated in vacuo, and the resultant purple oil was recrystallized from 4:1 EtOHiLLO
(50 mL) to afford 2 (179.5 mg, 71% yield) as a tan solid: R/: X.XX (UV); *H NMR (400
MHz, CDCI3) 8.27 (s, 1H), 7.97 (d, J = 7.0 Hz, 1H), 7.44 (m, 4H), 7.17 (br. s, 1H), 7.08
(d, J = 7.0 Hz, 1H), 6.91-6.89 (d, J = 7.8 Hz, 2H), 6.53-6.51 (d, J = 9.0 Hz, 2H), 6.42 (s,
2H), 6.24-6.22 (d, J = 7.8 Hz, 2H), 3.32-3.28 (q, J = 6.6 Hz, 8 H), 1.16-1.12 (t, J = 6.6
Hz, 12 H); 13C NMR (100 MHz, CDC13) 165.2, 158.4, 152.8, 152.3, 148.9, 147.5, 133.3,
129.3, 128.6, 128.2, 127.9, 127.2, 123.6, 123.3, 115.6, 108.1, 105.5, 97.9, 65.9, 44.3,
12. 6 .

NO.
N -N H

OHC

NEt;

EtoN

N -N

EtOH, CH2CI2,
6 0 °C, 27 h

EtpN

NEt;
3

1

(iifrS’^ ’-bis^iethylam iiio^-^-iiitrobenzylideiie^m iiK^spiro^soindoliiie-l,^xanthen]-3-one (3): To a stirred solution of 1 (207 mg, 0.453 mmol) in ethanol (5 mL)
and CH2CI2 (10 mL) was added 4-nitrobenzaldehyde (205 mg, 1.359 mmol). The mixture
was heated to reflux at 60 °C for 27 h and then cooled to 23 °C. The solution was
concentrated in vacuo, and the resultant brown oil was dissolved in 4:1 EtOH:H20 (30
mL). Addition of 2M NaOH (10 mL) caused the formation of a precipitate, filtration of
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which afforded 3 (152.3 mg, 57% yield) as a yellow solid: lU NMR (400 MHz, CDC13)
8.83 (s, 1H), 8.12-8.10 (d, J = 8.6 Hz, 2H)„ 8.01 (d, J= 7.0 Hz, 1H), 7.68-7.66 (d, J = 8.6
Hz, 2H), 7.53 (m, 2H), 7.17 (d, J = 7.4 Hz, 1H), 6.51-6.49 (d, J = 8.6 Hz, 2H), 6.46-6.45
(d, J = 2.7 Hz, 2H), 6.27-6.24 (dd, J = 8.8, 2.5 Hz, 2H), 3.35-3.30 (q, <7=7.0 Hz, 8 H),
1.17-1.14 (t, J = 7.0 Hz, 12 H); 13C NMR (100 MHz, CDC13) 165.1, 153.3, 151.3, 149.0,
147.9, 144.0, 141.6, 133.8, 129.2, 128.5, 128.0, 127.8, 124.1, 123.6, 123.5, 107.9, 105.7,
97.7, 66.4, 44.3, 12.6.

Me
Me
N -N H

EtoN

N -N

OHC

NEt.

EtOH, CH2CI2,
6 0 °C, 72 h

NEt

(JE)-3’,6f-bis(diethylamino)-2-((4-methylbenzylidene)ammo)spiro[isomdoline-l,9,xanthen]-3-one (4): *H NMR (400 MHz, CDC13) 8.58 (s, 1H), 8.00-7.98 (d, J = 7.0 Hz,
1H), 7.49-7.44 (m, 4H), 7.12-7.10 (d, J = 7.4 Hz, 1H), 7.08-7.06 (d, J = 7.8 Hz, 2H),
6.54-6.51 (d, J — 9.0 Hz, 2H), 6.43 (d, J = 2.0 Hz, 2H), 6.24-6.21 (dd, J = 9.0, 2.0 Hz,
2H), 3.34-3.29 ( q ,J = 7.0 Hz, 8H), 2.29 (s, 3H), 1.16-1.13 ( t,J = 7.0 Hz, 12H); 13CN M R
(100 MHz, CDC13) 164.9, 153.0, 151.9, 148.8, 147.2, 139.8, 133.2, 132.6, 129.3, 128.9,
128.2, 128.0, 127.5, 123.7, 123.3, 107.9, 106.0, 97.8, 65.8, 44.3, 21.4, 12.6.

N -N H

NEtc

EtoN

N -N

OHC
EtOH, CH2CI2 i
6 0 °C, 16 h

1

EtpN

NEt

5
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(£)-2-(benzylideneammo)-3’,6,-bis(diethylamino)spiro[isomdoline-l,9,-xanthen]-3one (5): To a stirred solution of 1 (207 mg, 0.453 mmol) in ethanol (5 mL) and CH2CI2
(10 mL) was added benzaldehyde (138 qL, 1.359 mmol). The mixture was heated to
reflux at 60 °C for 16 h and then cooled to 23 °C. The solution was concentrated in vacuo,
and the resultant orange oil was recrystallized from 4:1 EtOLbfLO (30 mL) to afford 5
(119.6 mg, 48% yield) as a tan solid.

Et2N

W

I M I — 12

l _ l 2 l> l

W

I <1 L _ l 2

(£)-2-((4-bromobenzylidene)amino)-3,,6'-bis(diethylamino)spiro[isoindoline-l,9’xanthen]-3-one (6): XH NMR (400 MHz, CDC13) 8.64 (s, 1H), 8.00-7.98 (dd, J= 6.3, 1.6
Hz, 1H), 7.52-7.45 (quin, d, J = 7.0, 2.21 Hz, 2H), 7.42-7.36 (m, 4H), 7.14-7.12 (dd, J =
6.4, 1.4 Hz, 1H), 6.52-6.50 (d, J = 9.0 Hz, 2H), 6.44-6.43 (d, J = 2.7 Hz, 2H), 6.25-6.22
(dd, J = 9.0, 2.7 Hz, 2H), 3.34-3.29 (q, J = 7.0 Hz, 8H), 1.16-1.13 (t, J = 7.0 Hz, 12H);
13C NMR (100 MHz, CDCI3) 164.9, 153.1, 151.6, 148.9, 145.8, 134.3, 133.4, 131.4,
129.2, 128.8, 128.3, 128.0, 123.9, 123.7, 123.3, 107.9, 105.9, 97.7, 66.0, 44.3, 12.6.

h 2 n n h 2* h 2o

Me

Me

Me

Me

EtOH, 100 °C, 6 h
+

EtHN

EtHN

NHEtCI

NHEt

7
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2-amino-3’,6’-bis(ethylammo)-2',7’-dimethylspiro [isoindoline-1,9’-xanthen] -3-one
(7): Prepared according to Xiang.1 To a stirred solution of rhodamine 6G (1.00 g, 2.09
mmol) in ethanol (50 mL) was added hydrazine monohydrate (2.54 mL, 52.25 mmol)
dropwise. The mixture was heated to vigorous reflux at 100 °C for 6 h and then cooled to
23 °C. The mixture was reduced to half volume in vacuo, and a light precipitate formed.
Filtration afforded 7 (675.4 mg, 75% yield) as a tan solid:
7.96-7.95 (m, 1H), 7.46-7.45 (d,

NMR (400 MHz, CDCI3)

4.3 Hz, 2H), 7.07-7.06 (d, J = 4.7 Hz, 1H), 6.39 (s,

2H), 6.26 (s, 2H), 3.58 (br. s, 2H), 3.53 (br. s, 2H), 3.23-3.20 (m, 4H), 1.92 (s, 6H), 1.341.30 (t, J = 7.0 Hz, 6H); 13C NMR (100 MHz, CDC13) 166.1, 152.2, 151.7, 147.5, 132.5,
129.8, 128.1, 127.6, 123.8, 123.0, 117.9, 104.8, 96.8, 66.0, 38.3, 16.7, 14.7.

Me
Me
N -N H
Me

Me
NHEt

EtHN

N -N

OHC

Me

EtOH, CH2CI2,
60 °C, 4 8 h

Me
NHEt

EtHN

8

7

(JE)-3’,6’-bis(ethylammo)-2,,7’-dimethyl-2-((4methylbenzylidene)amino)spiro[isomdolme-l,9,-xaiithen]-3-one (8): To a stirred
solution of 7 (200 mg, 0.467 mmol) in ethanol (5 mL) and CH2CI2 (10 mL) was added ptolualdehyde (330 pL, 2.800 mmol). The mixture was heated to reflux at 60 °C for 48 h
and then cooled to 23 °C. The solution was concentrated to near dryness in vacuo, and a
light precipitate formed. Filtration afforded 8 (195.7 mg, 79% yield) as a tan solid: lH
NMR (400 MHz, CDC13) 8.35 (s, 1H), 8.02 (m, 1H), 7.47-7.45 (m, 2H), 7.43-7.41 (d, J
= 7.8 Hz, 2H), 7.06-7.04 (d, J = 7.0 Hz, 2H), 6.39 (s, 2H), 6.34 (s, 2H) 3.47 (br. s, 2H),
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3.21-3.19 (q, J = 7.0 Hz, 6H), 2.28 (s, 3H), 1.85 (s, 6H), 1.32-1.29 (t, J = 7.0 Hz, 6H); 13C
NMR (100 MHz, CDC13) 165.1, 152.3, 151.1, 147.5, 146.3, 139.8, 133.3, 132.3, 128.9,
128.6, 128.2, 127.6, 127.5, 123.6, 123.9, 117.9, 106.2, 96.7, 65.6, 38.3, 21.4, 16.7, 14.7.

N -N H
Me

Me

EtHN

NHEt

N -N

OHC

Me

EtOH, CH2CI2,
6 0 °C, 14 h

7

Me

EtHN

NHEt
9

(£)-2-(benzylideneammo)-3’,6*-bis(ethylamino)-2f,7’-dimethylspiro[isoindolme-l,9’xanthen]-3-one (9): To a stirred solution of 7 (200 mg, 0.467 mmol) in ethanol (5 mL)
and CH2CI2 (10 mL) was added benzaldehyde (57 pL, 0.560 mmol). The mixture was
heated to reflux at 60 °C for 14 h and then cooled to 23 °C. The solution was concentrated
in vacuo, and the resultant purple oil was purified by flash column chromatography on
silica gel (elution: 3% to 38% EtOAc in hexanes, fixed 2% NEt3) to afford 9 (148 mg,
61% yield) as a tan solid: lH NMR (400 MHz, CDC13) 8.45 (s, 1H), 8.03 (m, 1H), 7.52
(m, 2H), 7.46 (m, 2H), 7.24 (m, 3H), 7.07 (m, 1H), 6.41 (s, 2H), 6.36 (s, 2H), 3.50 (br.
s, 2H), 3.20-3.19 (m, 4H), 1.85 (s, 6H), 1.32-1.29 (t,J = 7.2 Hz, 6H); 13C NMR (100
MHz, CDCI3) 165.0, 152.2, 151.0, 147.4, 146.2, 135.0, 133.4, 129.5, 128.6, 128.15,
128.11,127.6,123.6,123.3 117.9,106.0, 96.6, 65.7, 38.2,16.6,14.6.
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EtHN
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7

(£)-2-((4-bromobenzylidene)amino)-3' ,6’-bis(ethylamino)-2',7’dimethylspiro[isoindoline-l,9f-xanthen]-3~one (10): To a stirred solution of 7 (146 mg,
0.341 mmol) in ethanol (4 mL) and CH2CI2 (8 mL) was added 4-bromobenzaldehyde
(378.2 mg, 2.044 mmol). The mixture was heated to reflux at 60 °C for 24 h and then
cooled to 23 °C. The solution was concentrated in vacuo, and the resultant red oil was
purified by flash column chromatography on silica gel (elution: 3% to 48% EtOAc in
hexanes, fixed 2% NEts). Upon concentration in vacuo to near dryness, a yellow solid
precipitated, filtration of which afforded 10 (157.4 mg, 78% yield) as a tan solid: *H
NMR (400 MHz, CDCI3) 8.40 (s, 1H), 8.03-8.01 (m, 1H), 7.51-7.45 (m, 2H), 7.39-7.34
(m, 4H), 7.08-7.05 (m, 1H), 6.39 (s, 2H), 6.32 (s, 2H), 3.49 (br. s, 2H), 3.21-3.19 (m,
4H), 1.86 (s, 6H), 1.32-1.29 (t,

Hz, 6H); 13C NMR (100 MHz, CDCI3) 165.2, 152.1,

151.2, 147.5, 144.9, 134.1, 133.6, 131.4, 128.8, 128.6, 128.3, 127.6, 123.74, 123.71,
123.4, 118.0, 106.0, 96.6, 65.9, 38.3, 16.7, 14.7.
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(11): To a stirred solution of 7 (200 mg, 0.467 mmol) in ethanol (5 mL) and CH2CI2 (10
mL) was added 4-nitrobenzaldehyde (212 mg, 1.400 mmol). The mixture was heated to
reflux at 60 °C for 16 h and then cooled to 23 °C. The solution was concentrated in vacuo,
and the resultant orange oil was purified by flash column chromatography on silica gel
(elution: 3% to 58% EtOAc in hexanes, fixed 2% NEt3) to yield an orange oil.
Suspension in MeOH produced a yellow solution with pink precipitate, filtration of
which and concentration in vacuo of the filtrate afforded 11 (262.1 mg, 76%) as a bright
yellow solid.
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Chapter 3: Rhodamine Aniline Derivatives
Design and Synthesis
In our previous series of rhodamine benzaldehyde derivatives, we observed a
rapid fluorescent response to acid in 1:1 Et0H:H20 solution. However, this series was
complicated by reaction with water at the hydrazone linkage, creating rhodamine
hydrazides, which then opened to their fluorescent form. Although effective as pH
sensors, the rhodamine benzaldehydes were limited by their susceptibility to hydrolysis,
so we were unable to determine exactly how the substituents from the benzaldehyde
impacted the kinetics of ring-opening. To avert this possibility, we envisioned the direct
A-substitution of the rhodamine spirolactam with an aromatic moiety possessing
substituents para to the nitrogen. Our synthetic scheme is shown below in Figure 3.1.

COoH

Et2N

POCI3
1,2-dichloroethane

EtpN

NEt

R = OMe (1), tBu (2), Me (3), H (4),
Cl (5), CF3 (6), CN (7), N 0 2 (8)

Figure 3.1 Synthesis of rhodamine B aniline derivatives

The rhodamine acid is first converted to the acid chloride, which can subsequently react
with an amine to form the amide. Eight different anilines, each with para substitution,
were used to synthesize a series of rhodamine B aniline derivatives spanning a wide
range of a p Hammett constants, from -0.27 to 0.78. The rhodamine B acid chloride was
generated with phosphorus oxychloride in acetonitrile at reflux and subsequently
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concentrated in vacuo to afford a red oil. The product was redissolved in 1,2dichloroethane and a solution of the aniline in 1,2-dichloroethane added dropwise.
However, shorter reaction times and improved yields were noted when the phosphorus
oxychloride was added to a stirred solution of rhodamine B and the aniline, generating
the acid chloride in situ. Overall, the eight rhodamine B aniline derivatives with para
substitution were synthesized in 40% to 92% yield after purification by flash column
chromatography.
Rhodamine 6G-based aniline derivatives were also pursued. We envisioned that
the derivatives from each series would possess similar kinetics for ring-opening and their
fluorescence maxima would occur at predictably different wavelengths. We anticipated
that because of their additional steric bulk on the xanthene core, rhodamine 6G anilines
might have higher pKa values than their rhodamine B analogues. However, synthetic
attempts to obtain rhodamine 6G anilines were not fruitful. When applied to rhodamine
6G, the procedure for rhodamine B derivatives yielded a mixture of oligomeric products
that were not readily separated by flash column chromatography or recrystallization.
Separate generation of the acid chloride followed by addition of the aniline was also of
limited success. Further attempts to obtain the rhodamine 6G aniline analogues remain a
goal for the project.

Response of Rhodamine B Aniline Derivatives to Acid
In a 1:1 solution of EtOH and H2O, the rhodamine B aniline derivatives 1-8 all
displayed a response to acid. As the pH of a solution of a given derivative was decreased
by the addition of small amounts of 2M HC1, both the fluorescence intensity and the
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absorbance of the solution increased. This is shown below in Figure 3.2 for nitro
derivative 8.
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Figure 3.2 Change of absorbance and fluorescence of 8 with decreasing pH

This result verified our initial expectation that, as with other rhodamine spirolactams, our
series of derivatives were sensitive to the pH of the solution.
We propose that the acid-induced ring-opening is initiated by protonation of the
carbonyl oxygen in our derivatives, as shown in Figure 3.3. The protonated intermediate
creates a positive charge on the carbonyl oxygen, with resonance forms delocalizing the
charge onto the carbon of the carbonyl. Electrons from the xanthene amine substituents
can then donate into the xanthene system, cleaving the C-N bond of the spirocycle and
creating the highly conjugated open form, which can then tautomerize to the amide.
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Et2N

^ ^ < y^ ^ N E t2

Et2N

O

NEt2

R
Et2N

Figure 3.3. Proposed mechanism of ring-opening for rhodamine aniline derivatives

We envisioned that an electron donating substituent would stabilize the positive charge
that develops in the transition state, causing the ring-opening step to be less favorable.
This would then decrease the rate at which the ring-opening, and therefore fluorescence,
occurs. Conversely, we anticipated that an electron withdrawing substituent would further
destabilize the positively charged transition state, making the ring-opening process more
facile.

Kinetic Studies
After observing that derivatives 1-8 were sensitive to acid, we aimed to determine
the kinetics of ring-opening for each derivative using fluorescence measurements. To a
given sample of known dilution stirring in a quartz cuvette in the fluorimeter at 25 °C, 10
pL of 2M HC1 was introduced via autopipette. The fluorescence of the mixture was
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recorded as a function of time for 2-5 minutes after the introduction of acid into the
cuvette, with the length of time dependent on the derivative studied. To ensure that
accurate data were obtained, three solutions of each derivative were prepared for analysis,
with four separate kinetics measurements obtained from each of the three solutions. For
the rhodamine B aniline derivatives, the IGOR software was used to generate a first order
kinetics fit that corresponded closely to the obtained data.

Figure 3.4 shows

representative fluorescence kinetics measurements for derivatives 1-8.
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Figure 3.4 Kinetics scans of derivatives 1-8 in 1:1 EtOHrFEO
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From the kinetic fits generated in IGOR, rate constants and half-lives were
calculated for each derivative. A summary of these data are shown in Table 3.1.
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R=

OMe (1)

tBu (2)

Me (3)

H (4)

Cl (5)

CF3 (6)

CN (7)

N 0 2 (8)

aP

-0.27

-0.20

-0.17

0 .00

0.23

0.54

0.66

0.78

Op'

-0.27

-0.20

-0.17

0 .00

0 .2 5

0.65

1.00

1.27

Rate
constant
(S’1)

0 .0 2 4 0

0 .0 2 5 3

0 .0 2 6 4

0 .0323

0 .0 3 8 6

0 .0 5 1 8

0.0 7 5 0

0.104

Half life
(s)

28 .9

2 7 .4

26.3

21.5

17.9

13.4

9.25

6.66

Table 3.1. Summary of kinetics data for the rhodamine B aniline derivatives

From the data in the table, it is evident that more electron-withdrawing substituents
correspond to a smaller rate constant for ring-opening and therefore a shorter half-life.
Derivative 1 with the electron-donating methoxy substituent possesses the lowest rate
constant, 0.0240 s'1, and the highest half-life, 28.9 s. The strongly electron-withdrawing
nitro derivative 8 has the highest rate constant and the shortest half-life, 0.104 s'1 and
6.66 s, respectively. These results suggest that rhodamine anilines with electronwithdrawing substituents would be more useful for sensing applications due to their more
real-time response time to the acidic stimulus.
To more thoroughly examine the effect of electronics on the rate of ring-opening,
the rate constants were related to the a p Hammett constant via a Hammett plot, Figure
3.5. The figure shows that as the electron withdrawing power of the substituent increases,
the rate constant of ring opening increases. However, the Hammett plot derived from the
kinetics measurements is not linear; rather, it consists of two segments, each of which is
linear. From the methoxy to trifluoromethyl derivatives,

1 -6 ,

is one linear fit, and from

the trifluoromethyl to the nitro derivative, 6-8, is another linear fit.
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Figure 3.5 Hammett plot o f rate constant vs. op

In an attempt to better fit our data, we utilized the op~ Hammett constant, which was
developed for use with substituents that are in conjugation with the center at which the
reaction occurs. The nitro and cyano substituents are conjugated to the nitrogen and
therefore possess a different a p~~constant; although the trifluoromethyl substituent is not
conjugated, it also possesses a different a p~ constant. Using these new Hammett
constants, we generated a new plot, shown in Figure 3.6.
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Figure 3.6 Hammett plot of rate constant vs. a~

With these Hammett constants, we obtained a close linear correlation between the
logarithm of the ratio of the rate constants and the op~ Hammett constant. This indicates a
strong relationship between the electronics of the substituent and the rate at which the
ring-opening process occurs. These results from our kinetic studies demonstrate that a
more electron withdrawing rhodamine B aniline derivative undergoes a ring opening
reaction more rapidly under acidic conditions.

pH Titration Studies
After observing the effect of substituent electronics on the kinetics of ringopening, we aimed to determine whether the different derivatives possessed different pKa
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values. Both absorbance and fluorescence scans were recorded after stirring a solution of
known concentration for one hour to saturate it with oxygen, as described in the
literature.1 Subsequently, microliter amounts of 2M HC1 were added to the bulk solution,
adjusting the pH from neutral to acidic in small increments. Absorbance and fluorescence
measurements were recorded at each pH, allowing the generation of a titration curve for
each derivative. Representative normalized absorbance titration curves are shown below
in Figure 3.7.
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Figure 3.7 Normalized absorbance curves for pH titrations

As shown from these titration curves and compiled in Table 3.2, the pKa values of our
series of derivatives are comparable. This indicates that our electronic manipulations of
the aniline do not impact the acidity required for the ring-opening process to occur.

50

Furthermore, addition of steric bulk to the para position of the aniline, such as with tbutyl derivative 2, does not impact the pKa at which ring-opening occurs. Large
substituents on the xanthene ring or directly substituted onto the spirolactam nitrogen are
known to increase pKa,1 so steric bulk at the para position with our series does not
accordingly raise the pKa.

R=

OMe (1)

tBu (2)

Me (3)

H (4)

Cl (5)

CF3 (6)

CN (7)

N 0 2 (8)

pKa

4 .1 6

4 .1 4

4 .1 7

4 .2 0

4 .1 0

4.11

4 .1 2

4.11

Table 3.2 Calculated pKa values for derivatives 1-8 in 1:1 EtOFFFLO

Using the data corrected for dilutions, the titration curves for absorbance shown in
Figure 3.8 are obtained.

3.0

3.5

4.0

4.5

5.0

5.5

pH

Figure 3.8 Absorbance pH titration curves for 1-8 corrected for dilution
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6.0

The derivatives containing the electron donating substituents, methoxy, tert-butyl, and
methyl, possess final absorbance values of less than 0.1, while hydrogen and chlorine,
neutral or modestly electron withdrawing, are also clustered in the region containing final
absorbance values of less than 0.2. The strongly electron withdrawing derivatives form a
separate group, possessing final absorbance values ranging from 0.5 to 0.6 after the
dilution corrections. Although all eight derivatives possess similar pKa values, they differ
significantly in the actual absorbance values over the range of titration.
We subsequently wanted to relate the absorbance values obtained from pH
titration to the electronic properties of the different derivatives’ substituents. Instead of
examining absorbance at a fixed pH, which might cause slight variation due to the pKa
values of the derivatives being similar but non-identical, we wanted to look at the final
absorbance values obtained after a complete titration. A Hammett plot of these final
values using the cTconstant as discussed previously is shown in Figure 3.9.
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Figure 3.9 Hammett plot of final absorbance intensities vs. o

The absorbance maxima plotted against the a~ constant show a clear, albeit nonlinear,
relationship. As the substituent increases in electron withdrawing ability, the final
absorbance acquired from pH titration generally increases. The electron donating and
least electron withdrawing derivatives are close to one another on the Hammett plot, and
the moderately and strongly electron withdrawing derivatives form another group in the
figure.
The analysis of the pH titration data indicates that derivatives 1-8 all respond to
acid in a similar pKa range but differ in the absorbance maxima of their response. Since
absorbance is related to concentration of the absorbing species through the Beer-Lambert
Law, the measured absorbance values allow us to determine quantitatively how much

open form of each derivative is present at a given pH. This concentration from
absorbance is related to the equilibrium constant between open and closed forms, which
is also equivalent to the ratio of the forward to reverse rate constants for ring-opening.
Since the concentration and kinetics are related in this way, it follows that both
parameters are correlated with the Hammett constant, as we have observed.
We next turned our attention toward an examination of the fluorescence pH
titration data in a similar manner as the absorbance data. After correcting for sample
dilution, we generated titration curves obtained from the fluorescence data, as shown in
Figure 3.10.
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Figure 3.10 Fluorescence pH titration curves for 1-8 corrected for dilution
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The fluorescence titration curves appear very similar to those generated from absorbance
data. In the fluorescence as well as absorbance curves, there are two distinct groupings in
which the derivatives appear. The group possessing lower fluorescence intensities
consists of the electron donating as well as electronically neutral or weakly electron
withdrawing derivatives; this group possesses relative fluorescence intensities of less than
400. The other group, consisting of the more strongly electron withdrawing derivatives,
possesses much higher fluorescence intensities, with final values ranging from 800 to
1300. Calculations using the fluorescence spectra reveal that the pKa values are nearly the
same whether calculated from the fluorescence or absorbance titration data.
The most notable difference between the two sets of data is the relative placement
of nitro within the groups. Whereas the absorbance curves followed the electron
withdrawing ability of the substituent in their intensities, there is a deviation from this in
the fluorescence titration curves. The nitro derivative, while still in the upper group
associated with the electron withdrawing substituents, possesses a lower fluorescence
intensity than do the trifluoromethyl and cyano substituents, contrary to their o
constants. This is illustrated graphically in Figure 3.11, a Hammett plot of the final
fluorescence intensity, as determined through pH titration, against the a constants.
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Similar to the absorbance data derived from the titrations, there is a relationship between
the electronics of the substituent and the final intensity of fluorescence. In general, the
electron donating and weakly electron withdrawing substituents form a cluster on the
Hammett plot, whereas the more strongly electron withdrawing substituents have a higher
final intensity. However, the relationship is not as well correlated as with the absorbance
values, since nitro possesses a lower fluorescence intensity than would be predicted by its
o” constant. Unlike absorbance data, which is directly related to the concentration of the
open form present, data from fluorescence may be less reliable due to other factors that
affect it. Accordingly, we propose that there is a change in fluorescence quantum yield
for the nitro derivative that causes its fluorescence intensity to decrease. It is possible that
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this decrease occurs for other derivatives as well, so the fluorescence intensity data may
not be as useful for the interpretation of our brightness as the absorbance data.

Activation Energy Studies
We wanted to examine whether the kinetics and intensity trends could be caused
by energetic differences in the ring-opening mechanism step for the different derivatives.
Since the electron withdrawing derivatives opened more quickly and generally had higher
final intensities, we anticipated that their ring-opening process would also be
energetically more favorable. This would manifest itself in a lower activation energy for
ring-opening. The electron donating derivatives might then possess a higher energetic
barrier, which could account for their slower kinetics and overall lower intensities. Since
the intensity is related to the equilibrium constant and how much the open form is
favored compared to the closed form, an activation energy measurement could provide
insight.
Kinetics measurements of rhodamine B aniline and rhodamine B nitroaniline were
recorded at five degree temperature intervals from 25 to 50 °C. The rate constants were
determined at each temperature and used to generate Arrhenius plots, as shown in Figure
3.12.
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Figure 3.12 Arrhenius plot for derivatives 4 and 8

From the Arrhenius plot slopes of three separate trials, the calculated activation energy
for derivative 4 range from 65.5 kJ/mol to 69.7 kJ/mol and those for 8 range from 62.9
kJ/mol to 65.2 kJ/mol. These values are very close together and do not indicate a
significant difference between these two derivatives, although there might be slight
differences based on electronics. Based on the results of these calculations, however, it
would be unlikely that other derivatives would exhibit a demonstrable difference. We
therefore discontinued with the determination of activation energies for other members of
the series of derivatives.
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13C NMR Studies
We envisioned that, since the rate of ring-opening was observed to be affected by
•

the substituent on the aniline, the electronic effect could be examined by

13

C NMR. 2

Since the aniline substituent is able to interact with the carbonyl of the rhodamine both
inductively and through resonance, we anticipated that the chemical shift of the carbonyl
carbon would be impacted by the electronics of the substituent. Specifically, we predicted
that a more electron withdrawing substituent would deshield the carbonyl, causing a
downfield shift in signal relative to an electronically neutral substituent. An electron
donating substituent would add electron density to the carbonyl and shield it, causing its
chemical shift to be upfield compared to an electronically neutral substituent. Table 3.3
below shows the substituents along with the chemical shift of the carbonyl as determined
through 13C NMR.

R=

OMe (1)

tBu (2)

Me (3)

H (4)

Cl (5)

CF3 (6)

CN (7)

N 0 2 (8)

5 (ppm)

167.545

167.838

167.633

167.640

167.662

167.970

168.021

168.387

Table 3.3

C NMR shifts for the spirolactam carbonyl for derivatives 1-8

Since there appeared to be some correlation between the electronics of the
substituent and its carbonyl chemical shift, we constructed a Hammett plot, Figure 3.13,
to examine this quantitatively.
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Figure 3.13 Hammett plot of carbonyl chemical shift vs. o

This plot is reminiscent of Figure 3.6, in which the rate constants of ring-opening were
related to the Hammett constant. However, the relationship is not nearly as clear as in
Figure 3.6. The tert-butyl derivative

2

has a higher chemical shift than would be

predicted by electronics alone, and the electron withdrawing derivatives are spaced more
widely apart. This suggests that the sterics of the substituent, although not observed to
impact the kinetics of ring-opening, may, in fact, alter the chemical shift of the
spirolactam carbonyl. This effect of sterics makes the chemical shift unsuitable as a
measurement of the carbonyl’s basicity as we originally hoped we could use it. Infrared
spectroscopy could be instead used to eliminate the steric effects.
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To further demonstrate the potential effects of steric bulk, we also investigated the
relationship between the chemical shift of the carbonyl and the rate constant of opening
for the derivative. A plot of these data is shown as Figure 3.14. NO-
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Figure 3.14 Rate constant vs. carbonyl chemical shift

While it is clear that an increasing chemical shift is associated with an increase in rate
constant of ring-opening, there is no clear, quantifiable relationship between the two
variables. Four of the derivatives possessing the most negative Hammett constants,
methoxy, methyl, hydrogen, and chloro, are clustered in the bottom left comer of this
graph. These derivatives all possess a low carbonyl chemical shift as well as a small rate
constant, both of which indicate that the slowly opening derivatives are more shielded.
However, the ter^-butyl derivative 2 is an outlier from this data set, indicating potential
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effects of sterics. Similarly, two of the more strongly electron withdrawing derivatives,
trifluoromethyl and cyano, are located fairly close together, indicating that their faster
rate of ring opening is associated with a higher carbonyl chemical shift. However, nitro
derivative 8 is positioned far away from these other electron withdrawing derivatives,
indicating that it may have some sort of steric effect as well.

Rational Design and Synthesis of a pH Sensitive Rhodamine B Derivative
Using the results of our kinetics and fluorescence intensity measurements, we
aimed to synthesize a faster and even brighter rhodamine by having additional electron
withdrawing groups on the aniline. Following a similar procedure as for the para
substituted anilines, 2,6-dichloro-4-nitroaniline was used to synthesize a rhodamine
aniline derivative substituted on the para position and both ortho positions with electron
withdrawing groups. This probe 9 was synthesized in 61% yield in a manner similar to
the previous aniline series, as shown below in Figure 3.15.

NO.
NO.
COoH

EtpN

POCI3
1,2-dichloroethane

NEt.

EtpN

9

Figure 3.15. Synthetic scheme for dichloronitroaniline derivative

We hypothesized that since the aniline functionality contains more electron withdrawing
groups than the nitro derivative 8, the kinetics of ring-opening should be more rapid.
Since the electron withdrawing groups in question are especially sterically demanding, it
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may be expected that the rate of ring-opening is even faster than predicted by electronics
alone.

Dichloronitro Derivative Studies
Kinetic scans for derivative 9 were carried out similarly to the derivatives on the
Hammett plot described above. Extremely rapid rates of the appearance of fluorescence
were detected for 9, representative results of which are shown in Figure 3.16 along with
kinetics for nitro derivative 8.
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Figure 3.16 Kinetics scans of 8 and 9 in 1:1 EtOH:H20

These results verify that we were able to utilize our knowledge of the effect of electronics
to design a more rapidly responding rhodamine aniline derivative. Using two chloro
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substituents in addition to the nitro group on the aniline aromatic ring was able to provide
additional electron withdrawing character to the aromatic ring. This caused derivative 9
to respond extremely rapidly to the addition of acid, with a half-life of 0.972 s compared
to 6.66 s for nitro derivative 8. However, it is also possible that some of the increased rate
is due to the steric effect of the ortho chloro substituents.
Titration of 9 in a manner similar to the other derivatives yielded a calculated pKa
of 5.46, significantly higher than the other derivatives in the series. We attribute this to
the additional steric bulk in the derivative from the two chloro groups in the ortho
position of the aniline. While we previously demonstrated with tert-butyl derivative 2
that a large substituent in the para position does not impact the pKa of ring-opening, it is
likely that the large halogens are close enough in proximity to the spirocyclic carbon to
account for this difference.

C o n c lu sio n s

We have synthesized a series of fluorescent probes from the reaction of
rhodamine B with a series of para substituted anilines. The members of the series exhibit
different rate constants for the ring-opening process depending on the electronic
properties of their substituents, as evidenced by a close linear correlation between the rate
constant and the Hammett constant g p . Derivatives 1-8 exhibited very similar pKa values
for the ring opening process, indicating that our manipulations of electronics do not affect
how much acid is required to cause the rhodamines to become fluorescent. In general, the
derivatives possessing electron withdrawing substituents were brighter as measured
through both absorbance and fluorescence intensity; however, there was not a linear
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relationship between either of these parameters and the Hammett constant. Additional
electron withdrawing groups in the ortho position of 9 were shown to increase the rate of
ring opening even further, showing how our results can be used to facilitate the design
and synthesis of rapidly responding rhodamine chemosensors.
Through 13C NMR chemical shifts, we observed the presence of what is likely
additional steric effects that can also influence the properties of rhodamine derivatives.
The additional chlorine substituents in 9 increase the steric strain of the spirolactam,
resulting in a higher pKa for ring opening similar to what has been previously described
in the literature. Our insights about the effect of both electronics and sterics on the
response of rhodamine derivatives to acidic media possess implications for future rational
design of fluorescent probes for biological applications.
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Experimental Section
OMe
OMe
COoH

EtpN

HpN

NEtpCI

1

POCI3
,2 -dichloroethane

EtpN

NEt.

3f,6*-bis(diethylamino)-2-(4-methoxyphenyl)spiro[isomdoline-l,9f-xanthen]-3-one
(1): To a stirred solution of rhodamine B (100 mg, 0.209 mmol) and p-anisidine (77 mg,
0.626 mmol) in 1,2-dichloroethane (5 mL) at 0 °C was added POCI3 (23 pL, 0.251 mmol)
drop wise. The mixture was stirred at 0 °C for 15 min, heated to 85 °C for 5 h, and then
cooled to 23 °C. The solution was diluted with CHCI3 (20 mL) and acidified with 2M
HC1 (30 mL). The organic layer was washed with additional 2M HC1 (2 x 30 mL), 2M
NaOH (3 x 30 mL), and brine (30 mL). The organic layer was then dried with Na2SC>4
and concentrated in vacuo. The brown oil was purified by flash column chromatography
on silica gel (elution: 40% to 60% EtOAc in hexanes) to afford 1 (72.8 mg, 64% yield) as
a pale tan solid: TLC (40% EtOAc in hexanes) R/i 0.45 (UV); [H NMR (400 MHz,
CDCI3) 8.01 (m, 1H), 7.50-7.48 (t, J = 3.5 Hz, 2H), 7.18-7.16 (m, 1H), 6.64-6.60 (m,
6H), 6.33-6.30 (dd, J = 8.8, 2.5 Hz, 2H), 6.25-6.24 (d, J= 2.3 Hz, 2H), 3.67 (s, 3H), 3.353.29 (qd, J = 7.0, 2.7 Hz, 8H), 1.16-1.13 (t, J = 7.0 Hz, 12H); 13C NMR (100 MHz,
CDCI3) 167.5, 158.1, 153.1, 152.9, 148.6, 132.6, 131.3, 128.95, 128.85, 128.0, 124.0,
123.2, 113.8, 107.9, 106.2, 97.6, 67.3, 55.1, 44.2, 12.5; HRMS (ES+): Exact mass calcd
for C35H37N3O3 [M+Na]+, 570.2727. Found 570.2729.
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tBu
tBu

COoH

EtpN

NEtpCI

1

POCI'3
,2 -dichloroethane

NEt

EtpN

2-(4-(tert-biityl)phenyl)-3f,6,-bis(diethylamiiio)spiro[isoindoliiie-l,9,-xaiithen]-3-one
(2): To a stirred solution of rhodamine B (100 mg, 0.209 mmol) and 4-ter/-butylaniline
(101 pL, 0.626 mmol) in 1,2-dichloroethane (5 mL) at 0 °C was added POCI3 (23 pL,
0.251 mmol) dropwise. The mixture was stirred at 0 °C for 15 min, heated to 85 °C for 4
h, and then cooled to 23 °C. The solution was diluted with CHCI3 (35 mL) and acidified
with 2M HC1 (40 mL). The organic layer was washed with additional 2M HC1 (2 x 40
mL), 2M NaOH (3 x 40 mL), and brine (40 mL). The organic layer was then dried with
Na2SC>4 and concentrated in vacuo. The brown solid was purified by flash column
chromatography on silica gel (elution: 5% to 40% EtOAc in hexanes) to afford 2 (111.4
mg, 94% yield) as a white powder: TLC (20% EtOAc in hexanes) R/i 0.35 (UV); 13C
NMR (100 MHz, CDCI3) 167.8, 153.5, 152.9, 148.9, 14.6, 133.8, 132.7, 130.7, 128.8,
127.9, 126.3, 125.4, 123.8, 123.2, 108.0, 105.5, 97.7, 67.2, 44.2, 34.3, 31.2, 12.5, 1.0.

Me
Me
COpH
HpN

EtpN

NEt
Cl
NEtpCI

POCI3
1,2-dichloroethane

3 ’,6’-bis(diethylamino)-2-(p-tolyl)spiro[isoindolme-l,9,-xantheii]-3-one

NEt

(3).

To

a

stirred solution of rhodamine B (0.200 g, 0.418 mmol) and p-toluidine (0.448 g, 4.175
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mmol) in CHCI3 (15 mL) at 0 °C was added POCI3 (46 pL, 0.501 mmol) dropwise. The
mixture was stirred at 0 °C for 15 min, heated to 85 °C for 2 h, and then cooled to 23 °C.
The solution was diluted with CHCI3 (35 mL) and acidified with 2M HC1 (50 mL). The
organic layer was washed with additional 2M HC1 (2 x 50 mL), 2M NaOH (3 x 50 mL),
and brine (50 mL). The organic layer was then dried with Na2SC>4 and concentrated in
vacuo. The red oil was purified by flash column chromatography on silica gel (elution:
0% to 2% MeOH in CHCI3) to afford a brown solid residue. Trituration with EtiO
yielded 3 (89.1 mg, 40% yield) as a pale tan powder: TLC (2% MeOH in CHCI3) Rf. 0.25
(UV); *H NMR (400 MHz, CDCI3) 8.02-7.99 (m, 1H), 7.50-7.46 (m, 2H), 7.16-7.15 (m,
1H), 6.93-6.91 (d, J = 7.0 Hz, 2H), 6.66-6.64 (d, ./= 8.2 Hz, 4H), 6.33-6.30 (d, J = 8.6
Hz, 2H), 6.26 (s, 2H), 3.34-3.29

(q ,

J = 7.0 Hz, 8H), 2.21 (d, J = 1.2 Hz, 3H), 1.17-1.13

(t, J = 7.0 Hz, 12H); 13C NMR (100 MHz, CDCI3) 167.6, 153.2, 153.1, 148.6, 136.3,
133.7, 132.6, 131.1, 129.2, 128.9, 128.0, 127.3, 123.9, 123.3, 108.0, 106.4, 97.7, 67.2,
44.3, 21.1, 12.5; HRMS (ES+): Exact mass calcd for C35H37N3O;! [M +Naf, 554.2778.
Found 554.2779.

1

POCI3
,2 -dichloroethane

3,,6,-bis(diethylamino)-2-phenylspiro[isoindolme-l,9’-xanthen]-3-one (4). To a stirred
solution of rhodamine B (100 mg, 0.209 mmol) and aniline (57 pL, 0.626 mmol) in 1,2dichloroethane (5 mL) at 0 °C was added POCI3 (23 pL, 0.251 mmol) dropwise. The
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mixture was stirred at 0 °C for 15 min, heated to 85 °C for 3 h, and then cooled to 23 °C.
The solution was diluted with CHCI3 (20 mL) and acidified with 2M HC1 (20 mL). The
organic layer was washed with additional 2M HC1 (2 x 20 mL), 2M NaOH (3 x 20 mL),
and brine (20 mL). The organic layer was then dried with Na2S04 and concentrated in
vacuo. The brown solid was purified by flash column chromatography on silica gel
(elution: 40% to 50% EtOAc in hexanes) to afford 4 (58.4 mg, 54% yield) as a white
powder: TLC (40% EtOAc in hexanes) Rfi 0.60 (UV); ]H NMR (400 MHz, CDCI3) 8.00
(m, 1H), 7.50 (m, 2H), 7.17-7.16 (m, 2H), 7.12 (m, 3H), 6.81-6.78 (d, J = 6.6 Hz, 2H),
6.65-6.63 (dd, J = 8.6/1.6Hz, 2H), 6.31-6.29 (d, J = 9.0 Hz, 2H), 6.25 (s, 2H), 3.34-3.29
(q, J = 1 2 Hz, 8H), 1.16-1.3 (t, J = 7.0 Hz, 12H); 13C NMR (100 MHz, CDC13) 167.6,
153.2, 153.1, 148.7, 136.6, 132.8, 131.0, 128.8, 128.5, 128.1, 127.3, 126.6, 124.0, 123.3,
108.0, 106.4, 97.7, 67.4, 44.3, 12.5; HRMS (ES+): Exact mass calcd for C34H35N3O2
[M+Na]+, 540.2621. Found 540.2623.

1

POCI3
,2 -dichloroethane

2-(4-chlorophenyl)-3f,6’-bis(d iethylam ino )spiro [isoindoline-1,9’-xanthen] -3-one

(5).

To a stirred solution of rhodamine B (0.200 g, 0.418 mmol) and 4-chloroaniline (0.266 g,
2.088 mmol) in 1,2-dichloroethane (10 mL) at 0 °C was added POCI3 (46 pL, 0.501
mmol) dropwise. The mixture was stirred at 0 °C for 15 min, heated to 85 °C for 4 h, and
then cooled to 23 °C. The solution was diluted with 1,2-dichloroethane (20 mL) and
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acidified with 2M HC1 (30 mL). The organic layer was washed with additional 2M HC1
(2 x 30 mL), 2M NaOH (3 x 30 mL), and brine (30 mL). The organic layer was then
dried with Na2SC>4 and concentrated in vacuo. The brown oil was purified by flash
column chromatography on silica gel (elution: 0% to 4% MeOH in CHCfi) to afford 5
(114.6 mg, 50% yield) as a tan solid: TLC (2% MeOH in CHC13) Rfi 0.25 (UV); lU
NMR (400 MHz, CDC13) 8.00 (m, 1H), 7.50-7.48 (m, 2H), 7.15 (m, 1H), 7.11-7.08 (dd, J
= 8.8, 2.5 Hz, 2H), 6.80-6.77 (dd, J = 8.8, 2.1 Hz, 2H), 6.63-6.60 (dd,

8.8, 2.1 Hz,

2H), 6.32-6.28 (m, 4H), 3.35-3.30 (q, J = 6.9 Hz, 8H), 1.17-1.13 (t, J = 7.0 Hz, 12H); 13C
NMR (100 MHz, CDCI3) 167.7, 153.2, 153.0, 148.7, 135.3, 133.0, 132.1, 130.6, 128.73,
128.67, 128.3, 128.2, 124.0, 123.3, 108.1, 106.0, 97.7, 67.4, 44.3, 12.5; HRMS (ES+):
Exact mass calcd for C34H34CIN3O2 [M+Na]+, 574.2232. Found 574.2234.

1

POCI3
,2 -dichloroethane

3,,6’-bis(diethylamino)-2-(4-(trifluoromethyl)phenyl)spiro[isomdolme-l,9’-xanthen]3-one (6): To a stirred solution of rhodamine B (0.200 g, 0.418 mmol) in 1,2dichloroethane (10 mL) was added 4-(trifluoromethyl)-aniline (0.16 mL, 1.254 mmol).
The mixture was cooled to 0 °C and POCI3 (46 pL, 0.501 mmol) was added dropwise.
After stirring for 15 min, the mixture was heated to 85 °C for 1 h until a pink solid had
appeared, after which the mixture was cooled to 23 °C and stirred for 5 h. The solution
was diluted with CHCI3 (30 mL) and acidified with 2M HC1 (30 mL). The organic layer
71

was washed with additional 2M HC1 ( 2 x 3 0 mL), 2M NaOH ( 3 x 3 0 mL), and brine (30
mL). The organic layer was then dried with Na2S04 and concentrated in vacuo. The red
oil was purified by flash column chromatography on silica gel (elution: 0% to 2% MeOH
in CHCI3) to afford 6 (209 mg, 85% yield) as a pale tan solid: TLC (2% MeOH in
CHCI3) R/: 0.35 (UV); 'H NMR (400 MHz, CDC13) 8.01 (m, 1H), 7,47 (t, J = 3.3Hz,
2H), 7.39-7.37 (d, J = 8.6 Hz, 2H), 7.18-7.16
6.62 (d, J = 9.0 Hz, 2H), 6.33-6.32
2H), 3.32-3.29

(q ,

(d ,

(d ,

J = 8.2 Hz, 2H), 7.12 (m, 1H), 6.64-

J = 2.3 Hz 2H), 6.31-6.28

(d d ,

J = 9.0/2.3 Hz,

J = 6.8 Hz, 8H), 1.16-1.13 (t, J =7.0 Hz, 12H); 13C NMR (100 MHz,

CDCI3) 168.0, 153.5, 152.7, 148.7, 140.3, 133.2, 129.7, 128.4, 128.2, 125.7, 125.6,
125.54, 125.50, 125.47, 123.8, 123.3, 108.1, 105.8, 97.7, 67.3, 44.2, 12.4.

CN
CN
C O ,H

EtpN

NEtpCI

1

POCI3
,2 -dichloroethane

EtoN

NEt.

4-(3,,6,-bis(diethylamino)-3-oxospiro[isoindolme-l,9’-xanthen]-2--yl)benzonitrile (7):
To a stirred solution of rhodamine B (0.200 g, 0.418 mmol) and 4-aminobenzonitrile
(0.148 g, 1.253 mmol) in 1,2-dichloroethane (12 mL) at 0 °C was added POCI3 (46 pL,
0.501 mmol) dropwise. The mixture was stirred at 0 °C for 15 min, heated to 85 °C for 4
h, and then cooled to 23 °C. The solution was diluted with CHCI3 (35 mL) and acidified
with 2M HC1 (50 mL). The organic layer was washed with additional 2M HC1 (2 x 50
mL), 2M NaOH (3 x 50 mL), and brine (50 mL). The organic layer was then dried with
Na2S04 and concentrated in vacuo. The magenta oil was purified by flash column
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chromatography on silica gel (elution: 0% to 5% MeOH in CHCI3) to afford 7 (208.3 mg,
92% yield) as a tan solid: TLC (2% MeOH in CHCI3) Rf: 0.30 (UV); lU NMR (400
MHz, CDCI3) 7.98 (d, J = 6.3 Hz, 1H), 7.45-7.43 (m, 2H), 7.37-7.36 (d, J = 7.0 Hz, 2H),
7.28-7.26 ( d

8.6 Hz, 2H), 7.08 (d, J = 6.3 Hz, 1H), 6.58-6.56 (d, J = 9.0 Hz, 2H),

6.34-6.33 (d, J = 2.0 Hz, 2H), 6.27-6.24 (d, J = 9.0 Hz, 2H), 3.32-3.27 (q, J = 6.6 Hz,
8H), 1.15-1.11 (t, J = 6.6 Hz, 12H); 13C NMR (100 MHz, CDC13) 168.0, 153.5, 152.5,
148.7, 141.5, 133.4, 132.3, 129.1, 128.1, 128.0, 124.9, 123.7, 123.3, 118.7, 108.4, 108.1,
105.6, 97.6, 67.3, 44.1, 12.4; HRMS (ES+): Exact mass calcd for C35H34N4O2 [M+Na]+,
565.2574. Found 565.2576.

NO.
NO.

HpN
EtoN

NEtpCI

1

POCI3
,2 -dichloroethane

NEt

3',6’-bis(diethylammo)-2-(4-nitrophenyl)spiro[isomdolme-l,9’-xaiithen]-3-one

(8):

To a stirred solution of rhodamine B (100 mg, 0.209 mmol) and 4-nitroaniline (86.5 mg,
0.626 mmol) in 1,2-dichloroethane (5 mL) at 0 °C was added POCI3 (23 pL, 0.251 mmol)
dropwise. The mixture was stirred at 0 °C for 15 min, heated to 85 °C for 4 h, and then
cooled to 23 °C. The solution was diluted with CHCI3 (20 mL) and acidified with 2M
HC1 (30 mL). The organic layer was washed with additional 2M HC1 (2 x 30 mL), 2M
NaOH (3 x 30 mL), and brine (30 mL). The organic layer was then dried with Na2S04
and concentrated in vacuo. The red oil was purified by flash column chromatography on
silica gel (elution: 40% to 50% EtOAc in hexanes) to afford 8 (97.2 mg, 83% yield) as a
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yellow solid: TLC (40% EtOAc in hexanes) Rfi 0.70 (UV); *H NMR (400 MHz, CDC13)
8.01-7.99 (m, 3H), 7.53-7.46 (m, 2H), 7.40-7.37 (dd, ./= 7.0, 2.0 Hz, 2H), 7.11 (d, J = 6.6
Hz, 1H), 6.58-6.56 (d, J = 8.6 Hz, 2H), 6.34-6.33 (d, J = 2.7 Hz, 2H), 6.27-6.24 (dd, J =
8.8, 2.5 Hz, 2H), 3.34-3.29 (q, J = 7.0 Hz, 8H), 1.17-1.13 (t, J = 7.0 Hz, 12H); 13C NMR
(100 MHz, CDC13) 168.4, 153.8, 152.6, 148.9, 144.4, 143.6, 133.7, 129.0, 128.3, 128.1,
124.4, 124.0, 123.8, 123.5, 108.2, 105.7, 97.7, 67.6, 44.3, 12.5; HRMS (ES+): Exact
mass calcd for C34H34N404Na [M+Na]+, 585.2472. Found 585.2474.

NO.
NOCOoH

1

POCI3
,2 -dichloroethane

NEt;

2-(2,6-dichloro-4-nitrophenyl)-3 ’,6’-bis(diethylamino)spiro [isoindoline-1,9’xanthen]-3-one (9). To a stirred solution of rhodamine B (0.200 g, 0.418 mmol) and 2,6dichloro-4-nitroaniline (0.432 g, 2.088 mmol) in 1,2-dichloroethane (25 mL) at 0 °C was
added POCl3 (46 gL, 0.501 mmol) dropwise. The mixture was stirred at 0 °C for 15 min,
heated to 85 °C for 24 h, and then cooled to 23 °C. The solution was diluted with 1,2dichloroethane (25 mL) and acidified with 2M HC1 (50 mL). The organic layer was
washed with additional 2M HC1 ( 2 x 5 0 mL), 2M NaOH ( 3 x 5 0 mL), and brine (50 mL).
The organic layer was then dried with Na2S04 and concentrated in vacuo. The purple
solid was purified by flash column chromatography on silica gel (elution: 0% to 3%
MeOH in CHC13) to afford 9 (161.3 mg, 61% yield) as an orange solid: TLC (2% MeOH
in CHCI3) Rf: 0.30 (UV); 'H NMR (400 MHz, CDC13) 8.07 (d, J = 7.8 Hz, 1H), 8.0 (d, J
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= 1.2 Hz, 1H), 7.71 (t, J = 7.4 Hz, 1H), 7.65 (t, J = 7.4 Hz, 1H), 7.41 (d, J = 7.4 Hz, 1H),
7.26 (d, J = 6.6 Hz, 1H), 6.61-6.58 (d, J = 9.0 Hz, 2H), 6.31-6.28 (dd, J = 9.0, 2.3 Hz),
6.23 (d, J = 2.0 Hz, 2H), 3.36-3.30 (q, J = 7.0 Hz, 8H), 1.16-1.12 (t, J = 6.8 Hz, 12H); 13C
NMR (100 MHz, CDC13) 196.0, 155.4, 149.5, 149.3, 146.9, 138.7, 138.4, 133.0, 132.0,
130.3, 128.9, 124.9, 124.0, 123.1, 107.6, 107.4, 97.9, 71.2, 44.4, 12.4; HRMS (ES+):
Exact mass calcd for C34H32CI2N4O4 [M+Na]+, 653.1693. Found 653.1698.
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Supporting Information
for Chapter 2 and Chapter 3
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