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Ring-chain interconversion of
sulforhodamine-amine conjugates
involves an unusually labile C—N bond
and allows measurement of sulfonamide
ionization kinetics

John E. T. Corrie?*, John F. Eccleston®, Michael A. Ferenczi®,
Madeleine H. Moore®, Johan P. Turkenburg® and David R. Trentham?

pH-dependent interconversion between ring and chain forms of sultams/sulfonamides derived from conjugates of
sulforhodamines with amines, and the associated sulfonamide ionization, have been studied by a combination of
equilibrium and kinetic methods. The colorless, ring-closed sultam form is favored at alkaline pH with an apparent pK,
of 7.37 for the color change of the methylamine conjugate of Sulforhodamine B. The ring-closed form is also favored at
very low pH (apparent pK, ~ 0.68) by protonation of both diethylamino substituents. The kinetics of interconversion
between open and closed forms were measured at 4°C over the pH range 0-13. The observed rate constant ranges over
nine orders of magnitude from 4.8 X 10 “*s™" at pH 1 to 2.27 X 10°s™ " at pH>12. Above pH 2, the data are
accommodated by a mechanism that includes cleavage of the sultam C—N bond in the ring opening step with a
sulfonamide anion as the leaving group, and in the reverse reaction, OH -dependent ionization of the sulfonamide at
4.8 (£2.0) X 10°M~"s™". Below pH 2, H"-dependent protonation occurs at 1.4 (£0.4) X 10 >M~"s™". X-ray crystal-
lography of a related N-methylsultam showed that the labile, endocyclic C—N bond is significantly longer than the
exocyclic N—CH; bond (1.509 A and 1.445 A, respectively). Laser-induced ring opening of the closed form has
potential application as an orientation probe of biological macromolecules. © Crown Copyright 2008. Reproduced
with the permission of the Controller of HMSO. Published by John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience. wiley.com/
suppmat/0894-3230/suppmat/v20.html
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INTRODUCTION

The fluorescence properties of rhodamine dyes, notably their
absorption and emission in the visible spectrum, brightness and
resistance to photobleaching, have been widely exploited in
applications that range from dye lasers to interrogation of single
molecules. Recent examples of advanced applications in biology
include fluorescence polarization measurements on rhodamines
attached to proteins to determine orientations and motions of
protein domains in situ ' or at the single molecule level,”® and
localization with nm-resolution of single rhodamines attached to
proteins. Any such studies are underpinned by knowledge of
the underlying chemistry of the rhodamine probes. In the present
work, we have investigated the kinetics of color changes in a
sulforhodamine derivative that can be switched between colored
(fluorescent) and colorless (non-fluorescent) forms in response to
pH and can also be transiently converted from the colorless to
colored form by laser pulse illumination with near-UV light. The
latter property has potential for time-resolved optical polarization
studies to extend previous work,!' ! since flash illumination with
a linearly polarized source would generate a fluorophore with an
anisotropic distribution. Reversion to the colorless form takes

place on a wide time scale, depending on the prevailing pH. Inter
alia this process enables investigation of the kinetics of
sulfonamide ionization, not previously studied among the
extensive body of diffusion-controlled ionization reactions that
are a topic of continued research interest.>®’

This paper is based on previous work in which the
monosulfonyl chloride derived from the widely used fluorescent
dye Sulforhodamine B 1 was shown to exist in two isomeric forms
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Figure 1. Structures of compounds 1-5

2 and 3.”? We also showed that isomer 2, with a sulfonyl chloride
ortho to the xanthylium system, reacts with methylamine to form
a sulfonamide 4 that undergoes pH-dependent reversible
cyclization to a colorless spirosultam (Scheme 1). The color of
the isomeric sulfonamide 5 derived from 3 was unaffected by pH
except at high acidity (<pH 1; see below). The colorless,
spirosultam form of 4 was favored at alkaline pH and the
apparent pKj, for the interconversion was 7.37, determined from
absorbance measurements at 567nm in 25% ethanol-75%
aqueous buffer (v/v). The water—ethanol solvent is unlikely to
cause a pH shift of more than 0.1 unit from the value in water.®!
Concentrations of the sultam were not reliable without this
amount of ethanol, presumably because of losses by adsorption
of the more hydrophobic ring-closed form of the dye onto
surfaces.

The kinetics of the ring-chain interconversion outlined in
Scheme 1 had been briefly examined in stopped-flow exper-
iments by imposing rapid pH changes to solutions of 4.7 The
observed rate constant of the absorbance change, kops, Was
~200s~" (4°C) near pH 7, whether approached from alkaline or
acidic starting conditions. The present paper reports the detailed
kinetics of this process over the pH range 0-13. Across this range,
kops Vvaries more than nine orders of magnitude. The reaction
involves multiple protonation states and we present a scheme
that fits the experimental data. Various supporting data were
used in developing the mechanism including results from X-ray
crystallography of a model sultam to help rationalize the
unusually facile C—N bond cleavage that occurs in the
ring-opening step.

RESULTS

The data described below were obtained on samples of different
compositions. In our initial work we used a mixture of the
isomeric compounds 4 and 5 (ratio ~2.6:1) and this mixture was
also used for all the pH-jump kinetic studies reported here. In
work on equilibrium measurements across the pH range, and on
photolytic ring opening of the colorless form of 4 at alkaline pH, it
became necessary to use a purified sample of 4 that was obtained
as previously described!”’ by extensive chromatography of the 4
and 5 mixed isomers (Fig. 1)

Figure 2 shows a titration of pure 4 over the pH range 0-10 that
extends previous data'”! by revealing a second titration with
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Scheme 1. Overall ring-chain interconversion of sulforhodamine-amine
conjugates

apparent pK, ~0.68. The titration at this low pH evidently results
from protonation of both diethylamino groups (see below).
This pK, value, which derives from a fit to data collected over a
wider pH range and with many more experimental points than
shown in Fig. 2, is approximate because of probable errors in pH
measured with the glass electrode at high acidity (see
Supplementary Information, Fig. S1, for details of the fit and
discussion of the deviation of the fitted line from the data points).
The kinetics of the color changes associated with both pK; values
were determined here to develop a mechanistic scheme for the
processes.

Observed rate constants (kops) for color changes of 4 in either
direction over the pH range 2.1-7.4 were measured in stopped-
flow experiments by mixing solutions of the mixed isomers 4 and
5 at pH 4 or 9 with buffers at various pH values and recording
absorbance changes at 567 nm. All solutions contained 25%
ethanol (by volume), as noted above. The stopped-flow
measurements were made at 4°C to bring the fastest rates into
an observable range, and all subsequent kinetic measurements
were therefore made at the same temperature. Typical stopped-
flow absorbance records are shown in Fig. 2A and B for ring
opening and ring closing, respectively. The data were well fitted
by single exponentials and Table 1 shows values of ks across this
pH range. Near pH 7 it was possible to monitor reactions starting
from either pH 4 or pH 9, and values of kqp, in this region were
independent of the direction of the pH change, indicating that
the same species were undergoing equilibration in the two cases.
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Figure 2. Absorbance values of 4 at 567 nm, normalized to the value at
pH 4.0, are shown as the solid circles. The line is that of the modeled
proportion of the colored form across the pH range (see the Eqn (17) in
the ‘Discussion’ Section)
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Table 1. Observed rate constants, ks, for stopped-flow pH shift experiments
Final pH Initial pH Mixing buffer (pH) Absorbance change Kops (s71)? Kops' (s™)P
2.14 9.0 Citrate (2.0) + 0.021 +0.001 0.021
2.55 9.0 Citrate (2.5) + 0.19+£0.02 0.19
3.03 9.0 Citrate (3.0) + 1.3£0.2 13
3.45 9.0 Citrate (3.5) + 44+0.3 4.4
4.00 9.0 Citrate (4.0) + 19.7+0.9 19.7
4.56 9.0 Citrate (4.5) + 513+£35 51.3
5.06 9.0 Citrate (5.0) + 95.1+6.6 95.1
5.56 9.0 Citrate (5.5) + 120£3 118
6.11 9.0 Citrate (6.0) + 118+3 112
6.57 9.0 MES (6.5) + 158 +5 141
6.83 4.0 MOPS (7.0) — 180£33 150
7.03 9.0 MOPS (7.0) + 217+8 169
7.36 4.0 MOPS (7.5) — 245+ 22 143
#Values are the means (£SD) of at least four determinations.
P kobs' = kops in the range pH 2.14-5.06 and modified for pH 5.56-7.36 (as shown in the ‘Discussion’ Section for details of this
modification).

The rates of the color change at high acidity were measured by
manual mixing of solutions of the 4 and 5 mixture at pH 3 with
different concentrations of hydrochloric acid. The loss of color
was biphasic, comprising a rapid phase within the manual mixing
time followed by a much slower process, as shown in Fig. 3C. As
indicated in Fig. 2, the amplitude of this slow decolorization
became greater as the acid concentration increased. Control
experiments showed that Sulforhodamine B 1 also underwent a
titration at low pH values, as shown by loss of color, but the full
extent of this change occurred within the mixing time. Isomer 5 is
expected to show similar behavior. Previous studies of other
rhodamines,”'? including a very brief study of Sulforhoda-
mine B2 have reported formation at low pH of doubly
protonated species that have little absorption above ~550 nm
and a new absorption band, maximal at ~500 nm but an order of
magnitude less intense than the usual rhodamine absorption.
Thus the rapid phase of decolorization when the 4 and 5 mixture
was acidified is attributed to 5. The slow phase was ascribed
solely to isomer 4 and values of k. for this exponential process
are given in Table 2. A control experiment with pure 4 showed
only the slow phase of decolorization, in agreement with
expectations from the argument presented above. The absorp-
tion spectrum, recorded in 2 M HCl, of the species formed by the
slow decolorization process is shown in supplementary infor-
mation (Fig. S2). In a further control experiment, an aliquot of the
decolorized solution of pure 4 was diluted into a high molarity
buffer at pH 4. The 567 nm absorption recorded as a function of
time recovered within the mixing time to the value expected for
the initial rhodamine concentration (i.e. after correction for the
dilution factor) confirming that the decolorization process was
quantitatively reversible.

At pH values above 7.4, the ring-closing reaction became too
fast to follow by stopped-flow measurements and we adopted
the reversible photolytic ring opening previously described by
Gleiter and colleagues for related rhodamine lactams and
sultams.>" This achieves rapid generation of the open form,
reclosure of which can be observed by monitoring the decay of
its visible absorption. As the reaction requires 4 to be present in

its colorless, closed form prior to photolysis, measurements were
possible only at pH values above the apparent pK, for ring
closure. Thus, absorption records at 547 nm and 567 nm following
308 nm laser flash irradiation of 4 were obtained in the pH range
7.5-13. Over this range there was an absorption increase within
the 30ns laser pulse that was ascribed to ring opening of the
colorless, closed form of 4, followed by decay to starting material.
Unlike the single exponential transients described above for the
pH jump experiments, the decays observed in these photolysis
experiments were generally biphasic so Scheme 1 was expanded
to Scheme 2, a two-step reaction. The laser flash caused
photogeneration of A, from A.. However, over the pH range
studied, at least three other transient phases not described by
Scheme 2 were observed and these additional processes are
discussed below.

Records of the absorption decays at 547 nm assigned to the
two processes of Scheme 2, together with additional transients,
are shown in Fig. 4 at selected pH values. Rate constants Kf.sy, Kobs
and kgow and their associated absorption amplitude changes
(Abs,, Abs,, and Abss, respectively) calculated from data recorded
atintervals of 0.5 pH units are listed in Table 3. The process shown
in Fig. 4A (pH 9.52) is assigned below to the slower (kops)
component of the biphasic transient implicit in Scheme 2, while
Fig. 4B shows the faster (ki»st) cOmponent at the same pH. Note
that Abs; data associated with k¢,; were each increased by 0.015
absorbance units (shown in ‘Experimental’ Section) to allow for
reaction occurring between the peak of the laser flash and the
point defined as time ‘zero; at which the transient was at its
maximum amplitude. This perturbation, caused by the laser flash,
is evident in Fig. 4B as the negative signal during the ~100ns
prior to time zero. The main panel of Fig. 4C shows a record at pH
13.05 that is biphasic. The principal component has an exponen-
tial decay rate of 2.34 x 10%s™", with a further component (22%
amplitude of the overall transient) that was an order of
magnitude slower. The theory developed below suggests that
the transient at this high pH value should be a single exponential
and the presence of the slower transient is unexpected. Traces
recorded at pH 13 in the range 547-587 nm indicated that both
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Figure 3. Kinetics of the 567 nm absorption of 4 (containing 28% of the
total rhodamines as 5) in response to pH changes. A: Stopped-flow
spectrophotometric record from pH 9.0 to 6.57. B: Stopped-flow spectro-
photometric record from pH 4.0 to 7.36. C: Manual-mixing spectrophoto-
metric record from pH 3.0 to 0.0. This record does not show the fast drop
of ~0.29 absorbance units that occurs upon mixing through partial
protonation of 5 (as discussed in the text). In each panel the data are
overlaid with the best-fit single exponential line in red.

Table 2. Observed rate constants, kops, for manual mixing pH
shift experiments

Final pH 10%ops (57 10%:,, (s7)°
0.0 232 23
0.3 9.7° 926
0.7 5.2° 48
1.0 48 32

?Mean of two determinations.
P Single determination.

k% is modified kqps (as shown in the ‘Discussion’ Section for
details of this modification).

transient species had the same spectrum, since the relative
amplitude of the two phases was unaltered. Both transient
processes probably reflect return to the closed form of 4 from its
open form. While the faster process is postulated to occur as a
result of Scheme 2, the origin of the slower process is unclear.
Neither its amplitude nor its rate was affected by deoxygenation
of the solution with a nitrogen purge and it was not investigated
further.

The inset to Fig. 4C also shows that, at 567 nm, the instan-
taneous absorption increase at the time of the laser pulse was
followed by a further increase (ty, ~100 ns), with an amplitude at
567 nm that was ~20% of the instantaneous increase. The
spectrum of the 100 ns transient was investigated by recording
transients over the range 547-587 nm. This 100 ns transient was
present at 587 nm but was not seen at 547 nm, though it may
distort the tail of the instantaneous increase. The mechanism that
gives rise to this transient was not pursued further. To obtain
transients for absorption decays with minimal interference from
the rising 100 ns transient, all data for quantitative mechanistic
interpretation over the pH range 8.48-13.05 were obtained at
547 nm (Table 3). Transients associated with ks, when recorded
at 547 nm, were about 50% lower in amplitude than at 567 nm.
However, those associated with ki,s; when recorded at 567 nm
were either obscured by the 100ns transient or difficult to
quantify.

The process shown in the main panel of Fig. 4D (pH 8.04) is also
assigned to the slower (kops) component of the biphasic transient
implicit in Scheme 2. However, in this experiment and that at pH
7.52, significant fractions of 4 exist in the open form (41% at pH
7.52 and 18% at pH 8.04). The traces at these pH values show
recoveries after the light flash to absorbance values below the
pre-flash level followed by an exponential return to the initial
baseline (40s™' at both pH values). These slow transients,
exemplified in the inset panel of Fig. 4D, were absent at higher pH

'

](| kC
HA," +OH =—== H,0 + A, A,
]\'_1y kﬂ

Scheme 2. Two-step mechanism for equilibration of the sultam 4
between its open and closed forms. HA and A, are as defined in
Scheme 1 and A, is the sulfonamide anion. See also the legend to
Scheme 3 for structural definitions of these and related abbreviations
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Figure 4. Kinetics of the absorption change of 4 following laser pulse irradiation. A,B: Records at 547 nm and pH 9.52 at two time scales. C: Record at
547 nm and pH 13.05 (the inset is a record at 567 nm and pH 12.99 that shows the rising 100 ns transient described in the text). D and its inset: Records at
567 nm and pH 8.04 at two time scales. In each panel data are overlaid with a best-fit single or double exponential line in red (shown in ‘Experimental’

Methods for details).

values where the proportion of the open form was insignificant.
The 40s™' transient, whose origin is considered in the
‘Discussion; is evidently associated with light absorption by
the open form (i.e. HA]) and this was briefly investigated. Thus,
308 nm laser flash illumination of Sulforhodamine B 1 gave a
bi-exponential transient (relative increasing absorption ampli-
tudes 0.65:1) with rate constants of ~10* and 25005 ' at pH 8
and 4°C. Sultam 4 at pH 4, where it exists entirely as HA{, also

showed a biphasic transient (relative increasing absorption
amplitudes 1.4:1) with rate constants of ~2500 and 180 s It
seems likely that light absorbed by the fraction of 4 existing
as HA/ at pH 7.5 and 8 gives rise to similar biphasic transients in
which the faster phase is in the region of 25005, while the
slower phase is that shown in the inset of Fig. 4D. In quantitative
terms Abs, (—0.073) at pH 8.04 (Fig. 4D) would have been
reduced by about 20% if the same biphasic transient seen

Table 3. Effect of pH on photochemical kinetic and amplitude data for 4 at 547 nm
pH 10 %gae s~ (Abs,) kobs s~ (Absy) ksiow s~ (Abss)
7.52° 297 (—0.034) 40 (0.022)
8.04° 498 (—0.073) 40 (0.010)
8.48 6.35 (—0.061) 1140 (—0.040)
9.02 480 (—0.051) 6390 (—0.046)
9.52 447 (—0.046) 15300 (—0.047)
10.03 3.13 (—0.078) 45300 (—0.096)
10.52 2.58 (—0.078) 1.20 x 10° (—0.078)
10.99 2.67 x 10° (—0.072) 24 % 10° (—=0.071)
11.50 1.85 x 10° (—0.089) 3.0 x 10° (—0.061)
11.99 221 x 10° (—0.043) 23 x10° (—0.021)
12.50 2.21 x 10° (—0.081) 1.8 x 10° (—0.027)
13.05 2.34 x 10° (—0.090) 1.7 x 10° (—0.026)
@Data at pH 7.52 and 8.04 were collected at 567 nm.
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for HA/ at pH 4 were present at pH 8.04. Because of this effect
and the resultant uncertainty, data at pH 7.52 and 8.04 were not
used in determining the rate constants of Scheme 2, although
they were later checked for consistency with those rate constants
(see the ‘Discussion’ section).

To summarize the laser pulse photochemical experiments, data
relevant to interpreting the rate constants of Scheme 2 are listed
as kit and kops in Table 3. Data for ko, for which illustrative
examples are shown in Fig. 4C and the inset to Fig. 4D, were not
used in this analysis, nor were the 100 ns transients illustrated by
the inset to Fig. 4C.

In developing a mechanistic understanding of these processes,
it was important to know whether there was a detectable amount
of the open form of 4 at high pH. At pH 12 the absorbance of 4
was ~0.016% of that at pH 4 (measured absorbance values are
given in the ‘Experimental’ Section). The peak of this very weak
absorption was shifted to ~555nm by spectral distortion from
overlap with the tail of the near-UV absorption of the closed form
of 4 that extends beyond 550 nm. The calculated contribution to
the 567 nm absorbance at pH 12 based on the pK, value of 7.37
for equilibrium of the open and closed forms is only 0.0023% of
that at its maximal value, that is at pH 4. It follows that there is
evidence for an additional colored species present at a level of
~0.014% in equilibrium with the closed form. In the mechanistic
scheme developed below, this is assigned to the sulfonamide
anion of 4 in its open form (A, in Schemes 2 and 3).

As discussed below, this ring-chain interconversion involves an
unusually facile C—N bond heterolysis and the lability of the
endocyclic C—N bond in sultam 4 would be expected to have a
structural basis in this and related compounds. To investigate this,
the crystal structure of a model rhodamine sultam was
determined. The known!®! sulforhodamine 6 was converted
via its sulfonyl chloride to the colorless crystalline sultam 7 that
also exhibited ring-chain interconversion (Fig. 5). Visible absorp-
tion spectra measured in aqueous ethanol buffers qualitatively
confirmed the reversible color change but the closed form was
too insoluble to allow reliable kinetic measurements to be

Figure 5. Structures of compounds 6 and 7

performed. The X-ray structure (Fig. 6) confirmed the cyclic nature
of 7 and showed significant differences between the two C—N
bonds of the sultam moiety, with exocyclic and endocyclic C—N
bond lengths of 1.445 Aand 1.509 A, respectively. The implication
of this bond extension is considered in the ‘Discussion’ Section.

DISCUSSION

Theory of photochemically induced
and stopped-flow transients

Scheme 2 can be expressed in the form of a three-state system
that has an analytical solution"®~'® describing time courses of
formation and/or decay of HA;, A,, and A..

KOHT] ke
k,ﬁ A, = A, M

-1

HA,

Note that k., in Eqn (1) refers to the thermal ring-opening process,
not the instantaneous photochemical opening that proceeds
from an excited state. Following perturbation of the system from
equilibrium, the time course of [HA}] takes the form:

[HAS] = [HAZ]. — arexp(—Ait) — aaexp(—2at) @)

Time courses of [A,] and [A,] take the same form with identical
/1 and 2, but with constants [HA}1.., a1, and «, being replaced

colorless \‘\\

&

Et,N o 'NEt,
L0
O SOZNHME

805
HA,"

colored

colorless

+OH

colored

Scheme 3. Mechanism for interconversion of the colored and colorless forms of the rhodamine conjugate 4. Abbreviations for the various species
correspond to those used in the text. In denoting the charge on each species (e.g. HAZ"), the negative charge of the sulfonate group present throughout

has been ignored
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Figure 6. ORTEP diagram with 50% ellipsoids of the crystal structure of sultam 7

by constants specific to [A,] and [A.l. 2, and 7, are the roots of
Egn (3).

Jo — (K{[OHT] 4+ k" + ke + ko) 2

3
+ (kykc[OH™] + kyko[OH™] + k' ko) =0 ®

It is evident that k. must be much greater than k, because the
overall pK, of 7.37 for HA} to A. is 4 units less than that for a
typical sulfonamide. This inference is borne out by the spectral
data that indicate the presence of a colored species at pH 12 (A,
according to Scheme 2) at a concentration ~0.014% that of A..
From the point of view of the kinetic analysis of the
photochemical data at pH > 8.48 (Table 3) it is therefore possible
to treat the A, to A transformation as irreversible. Expressions for
41 and 2, can be simplified to the following equations (see
Referencel'”), p. 313).

b= 1/2{k§ [OHT] + K + kc
%
+ ((KIOH™] + K., + ko)’ — 4kikc[OH ] ) } (4)
and J — 1/2{k4 [OH] + K., + ke

-~ (i10H 4K, k7 —akikion 1)}

We now consider Abs,, the visible light absorption at time t
after the laser pulse, expressed in Eqn (6) in terms of the absorp-
tion of each phase Abs; and Abs; (also observed experimentally,
see below), and how it relates to [HAZ] and [A,].

Abs; = Abs; exp(—/1t) + Abs; exp(—A4xt) (6)
where Abs; and Abs, are absorptions of the two phases
immediately following the laser flash. The species generated by
photolysis and present at the instant after the laser pulse is the
sulfonamide anion A,. The dark reactions that follow involve
formation and decay of HA] and formation of A and the
observed absorption transient reflects changes in [HA; ] and [A,].

We assume that the extinction coefficients of HA and A, are the
same and that A, has insignificant visible light absorption at these
wavelengths. Abs, is then proportional to ([HA]]+ [A,]). At the
end of the transient [A,] is close to zero, as is [HA]] (except for
measurements at pH 7.5 and 8 which are not used in the
photochemical data analysis). At time zero (i.e. immediately after
the laser pulse) [HA;]1=[AJ =0. In the analysis we consider only
the fraction of A, that undergoes ring opening. Likewise
[HA! ] = [Aoloo =0, Where the subscript denotes the end of
the transient. In addition, [A,] at time zero equals [A ... It follows
(from Eqn (13) in Reference ""® where Abs,/Abs, = F, etc.) that the
absorption ratio of the two phases is

AbS1 - (kc — )»2)
Abs, (A — k) @)

The stopped-flow data above pH 5.5 in Table 1 can also be
analyzed in terms of Eqn (1) using a similar formalism. Data below
pH 5.5 are treated separately because pre-equilibrium protona-
tion of the diethylamino groups in A, perturbs the observed rate
of ring opening (see below). After mixing solutions at pH 4 or 9 to
a new pH in the range 5.5-7.36, the observed absorption change,
AAbs, is proportional to change in [HA{]. Kinetic analysis is
simplified to a single exponential response according to Eqn (8),
since the steady-state approximation!'® applies in this pH range
because [A,] < [HA/Tin the ms time domain (in practice k' ; and
k> kj[OH™] and ko). Thus

AAbs; = AAbsT{1 - exp[ — (K k[OHT] + K ko) (K + kc)*‘t} } (8)

where AAbs, is the absorbance with respect to time and AAbsy is
the overall absorption change. The A notation is used because
the extent of the absorbance change is dependent on the final
pH in accord with the titration shown in Fig. 2. In the photo-
chemical experiments under conditions where kj[OH ] < k',
and k. [i.e. at pH 10.52 and below, where kqps < kfas; (Table 3)] the
steady-state approximation also applies and hence the exponent
term of Eqn (8) is also a valid route to determining k.
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Mechanism of the ring-chain interconversion

Scheme 3, which gives structures and defines the related
abbreviations (H,A2" etc.) for each of the species involved, shows
a mechanism consistent with the equilibrium and kinetic data
obtained for the interconversion of sultam 4 between its open
and closed forms. At its heart, sulfonamide ionization is coupled
to ring closure and the accompanying optical change provides a
means to measure the kinetics of sulfonamide ionization. Data
over the pH range 2-13 indicate that hydroxide ion dependent
ionization (Eqn (9)) is an integral component of Scheme 3, as
already implied by Scheme 2.

k/
HAY + OH™ ké A, + H,0 )
1

However, the kinetics of sulfonamide ionization need to be
considered in terms of Eqn (10) as well as Eqn (9).

e
HA; ké A, +H? (10)
—1
Equations (9) and (10) allow for kinetic analysis as formulated
by Eigen™ of this proton transfer reaction over the entire pH
range, where rate constants for deprotonation of HA/ (k;) and
protonation of A, (k_;) are expressed as:

ki = k[OH™] + Kk} (11)
and

ko =K, + k", [HY] (12)

We show below that the data over the pH range 2-13 indicate,
as implied in Scheme 2, that Eqn (9) is an integral component of
Scheme 3. However the dependence of kop,s on [H'] below pH 1
suggests Egn (9) is no longer the pathway. Either a more direct
pathway for the HAJ to H,A2* transition operates, as implied by
the dashed arrows of Scheme 3 or possibly a pathway through A,
as implied by Eqn (10). Which of these alternatives is the more
likely is discussed below.

Data evaluation

To extract individual rate constants from the data, we first
considered the photochemical results (Table 3), where the laser
flash converts a fraction of A, into Ay Scheme 2 implies that
A, is then subject to competing reactions, namely ring closure
back to A. and H,0O-mediated protonation to HA/ followed by
flux back through A, to A.. Over most of the pH range this gives
rise to biphasic transients that are well resolved up to pH 10.5.
However, above the pK, of the sulfonamide (expected value
~11.5 from literature data®”) little HA} is formed and a single
exponential phase predominates, ascribed to the decay of A, to
A, and controlled by k.. (Note also in Eqn (5) that 4, tends to k.
when K{[OH]>> k' ;). Averaged kops values from the pH 12.50
and 13.05 data (Table 3) give k.=2.27 x 10%s".

We next determined the kinetics of sulfonamide ionization,
initially by data analysis from the pH range 8.48-10.52. In this
range kj[OH 1<k’ so, from Eqn (4), /; tends to (k' + k).
Averaged ke,e values (Table 3) thus give (k' +kJ)=4.27
(£1.48) x 10°s ™. Since k. =2.27 x 10°s ", the kinetic estimate
is k', =200 (+1.48) x 10°s~". Note that we have used an
average value of kg,s;, whereas in fact kg, decreases 2.6-fold over
the 100-fold [OH™] range (Table 3). Other data (not shown)
indicate a similar scatter of kg, in the pH range of 8.48-10.52 but

without the decreasing trend as [OH ] increased. Therefore K,q;
has been treated as independent of [OH] in this pH range.

A second estimate of k' ; comes from consideration of the
relative amplitude of the two phases in the pH range 8.48-10.52.
From Table 3, Abs;=-0.063 (£0.015) and Abs,=—0.061
(+0.024). From Eqn (7), Abs,/Abs, = (k. — 22)/(A — k) =kJK 4,
since /; tends to (k' +k.) (see previous paragraph) and 7,
(= kKops) < ke in this pH range (Table 3). It follows that k./
k’ ; =0.063/0.061 = 1.03 (+0.45), which gives an estimate for k',
based on the amplitudes of the two phases of 220
(££0.96) x 10°s~". For the purpose of this study, we take the
mean of the kinetic and amplitude determinations of k" ;, giving
k', =210 (£1.22) x 10°s .

In the data at pH 7.52 and 8.04, where there is a significant
fraction of HAY present at equilibrium, transients due to recovery
of this species from its photochemical excitation might interfere
with analysis of transients due to photolysis of A.. For example
Abs; (—0.073) at pH 8.04 (Fig. 4D and Table 3) would have been
reduced by about 20% if the same biphasic transient arising
from HA; at pH 4 (see the ‘Results’ Section) were present at pH
8.04. Because of this uncertainty, data at pH 7.52 and 8.04 were
not used in determining k' ;, although they were checked for
consistency with the overall kinetic model (see below).

We briefly consider the mechanistic basis of these 40s™
transients observed at pH 7.52 and 8.04 and recall that flash
irradiation of the sultam at pH 4 (where itis virtually all in the HA
form) showed transients of similar form (i.e. an instantaneous
absorbance decrease followed by bi-exponential recovery to the
pre-flash absorbance, with the slower phase at 1805~ "). These
slow decay rates, together with previous data on near-UV laser
flash illumination of rhodamines (at 532 nm and 355 nm), suggest
that the species responsible for the transient decay is unlikely to
be in a triplet state, since direct irradiation of rhodamines at either
wavelength did not give rise to triplets.”>** In contrast, flash
illumination of Rhodamine 123 at 355 nm has been shown to
cause photoionization to a radical cation,?? and a related process
may be responsible for the transients observed here.

Returning to the extraction of rate and equilibrium constants
from the experimental data, the values k; and hence the pK, of
the sulfonamide were next determined using data from the pH
range 8.48-10.52 where kyps < Kkfast (Table 3). As noted above, the
steady-state approximation may be applied to these data, so
under this condition (—kopst) is equal to the exponent of Eqn (8).
Furthermore, in this pH range kg is proportional to [OH™]
(Table 3) and the term containing k, may be neglected as k, is
relatively small (see below). Noting that [HT][OH ]=10""47M
(in 10mM KCl and 4°C),2Y kops = Kkik [JOH /(K" , 4 ko) = 2.56
(0.57) x 10°[OH"]s~". From the kinetic evaluations of k. and
(K", + ko) described above, kj =4.8 (+2.0) x 10°M~'s™". From
this value of k/ and that of k', [2.10 (+1.22) x 10°s7 "], the
kinetically determined pK; for the sulfonamide is 11.40.

The photochemical data contain anomalies and these need to
be addressed. Rate constants and amplitudes at pH 10.99 and
11.50 are not as predicted. At pH 10.99 predicted values from
Eqns (4), (5), and (7) of q, /., and Abs,/Abs, are 6.0 x 10%s~",
40x10°s" ", and 0.50, respectively, and at pH 1150 are
7.5 x 10%s7",0.85 x 10°s~", and 0.27. Calculations of early signal
loss (shown in ‘Experimental’ Section) suggest 73% and 77% loss
of the fast phases at pH 10.99 and 11.50, respectively.
Furthermore, the increased amplitudes of the k., phase at
these pH values compared to those at pH 12.50 and 13.05
(Table 3) suggest this transient of unknown origin has a

1
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component due to a putative /,-transient. It is not surprising that
data analysis of the 1,- and /,-transients, distorted at short times
by loss of signal and at long times by the transient of unknown
origin, gives rise to anomalies. Simulations (not shown) incor-
porating anomalous transients (e.g. those in Fig. 4C and its insert)
supported the view that inconsistency of the pH 10.99 and 11.50
data with the Scheme 2 model was for the above reasons and not
because of failure of the model. The same calculations at pH 11.99
give /.4, /., and Abs,/Abs, values of 1.22 x 107s™",1.96 x 10%s ™,
and 0.03. As expected the most rapid phase is not observed. The
major process predicted to occur at 1.96 x 10°s ™" is close to kops
of 221 x 10°s™" (Table 3).

In contrast to data from the photochemical experiments, the
stopped-flow data were obtained at acidic to neutral pH and led
to determination of values for further rate and equilibrium
constants shown in Scheme 3. However, there was some pH
overlap and it is noteworthy that the ks value measured by
stopped-flow at pH 7.36 (245s~', Table 1) is close to that
measured photochemically at pH 7.52 (2975, Table 3). As
expected, kops Values in the stopped-flow experiments near pH 7
(MOPS buffer, Table 1) were equal (within the sum of the SD
values), whether the equilibrium was approached from acidic
(predominantly HA;) or basic (predominantly Ac) conditions.

Values of kops above pH 5.5 in Table 1 equate to (kjk [OH 1+

" k)K" 1+ k) (from Eqn (8)). The photochemical data, as
discussed above, showed that the first term of this expression,
Kk JOH™ /(K" | + k) =2.56 (+£0.57) x 10°[OH"1s™". The contri-
bution of this term to kg is negligible below pH 5.5 but equal to
1.6,5.7,17,30,48,and 102" in data at the respective pH values
between 5.56 and 7.36 listed in Table 1. These values were
subtracted from the appropriate kqps to leave a data set for kg’
(Table 1) to be equated with k" ko/(k' | + k).

When solutions containing 4 are changed rapidly from initial
pH 9 to values in the pH range 2-5, the rate of formation of HA/
depends strongly on pH, with an order of magnitude decrease
between pH 2.55 and 2.14 (Table 1). When the pH is lowered, the
first process is evidently a rapid equilibration between H,AZ,
HA/, and A, which is followed by ring opening to form HA] in a
flux through A, and A,. The decrease in rate occurs because ring
opening can only occur through A, whose concentration has
been reduced by its rapid protonation. Calculation of the flux
through A, requires estimates of pKia, and pKa,, the pK; values of
the tertiary amino groups in A.. Thus the flux decreases by the
factor {1+ ([H]/Ka.)(1 + [HT]/Kua.) }- The exponent in Eqn (8)
has to be modified to accommodate this reduced flux, leading to
Eqn (13) as:

o, ol () e )

Combining all the stopped-flow data in a least-squares fit to
Eqn (13) gave values for k'  ko/(k" ; + ko), pKuacand pKa of 142
(£7)s™", 3.24 (+0.08) and 4.72 (+£0.06), respectively. Since k./
(k" +kJ)=0.53 (£0.21), it follows that k’,/(k,+k)=0.47
(40.19) and k, =302 (+£137)s". To maintain thermodynamic
balance the sum of pKya, and pKa, (i.e. 7.96) must equal the sum
(8.05) of the two apparent pK, values associated with the color
changes (absorbance data in Fig. 2), namely HA; to A. (7.37)
and H,AZ2" to HA/ (0.68). Given the different analytical methods
and the uncertainty of pH measurement at high acidity, the
agreement is satisfactory. Furthermore, the derived values for
pKnacand pKa are similar to the corresponding pK, values of 2.97

and 4.52 previously determined for lactam 8 by spectro-
photometric titration."”?

The kinetic data (Table 2) when solutions of HA/ are acidified
to low pH and form H,A2" show that the reaction is
H"-dependent. Before processing these data it was useful to
subtract contributions to ks from the OH™ -dependent pathway
(i.e. via Egqn (9)). These contributions were calculated from
Egn (13) for the four data points at pH values from 0.0 to 1.0,
giving kops values of 1.6x107% 62x107°° 39x 107> and
16 x 107 *s™" at the respective pH values of Table 2 and
subtraction of these from ko gave k%, . (Table 2). To analyze the
data in terms of Eqn (10) we assume that all species between A,
and H,AZ" are in equilibrium during the reaction. In the pH range
of 0-1 it then follows that [Ao]/[H,AZ"] = koKa Kia. /k[H"]*.
Since the only species present at significant concentration
are HAJ and H,AZ", the observed process is a single exponential
decay of HA! to an equilibrium mixture of HA and H,AZ" in
which ki =k; + k| [HT1[AL)/[H,AZT]. Substituting [Aol/[H,AZT]

gives Egn (14):

© k4 K* koK Kia,

= 14
obs ™ kc [H+] (14)

However, this equation implies that k. will decrease with
increasing [H'], contrary to what is observed, so ruling out Eqn
(10) as being part of the reaction pathway. Accordingly, it is likely
that an alternate route from HA_ to H,A2" exists, possibly a direct
pathway as shown in Scheme 3 controlled by kx and k_x. The
data at each pH in Table 2 were therefore analyzed according to
Eqgn (15), and using the pK, value of 0.68 for the transformation
(Fig. 2). Values of kx and k_, were then averaged to give values
(£SD) listed in Table 4.

Kips = ka[H] + k_n (15)

Data described in the supplementary information show that
the spectrum of the protonated species recorded in 2 M HCl was
very similar to that previously described” for the doubly
protonated form of the lactam 8, that is consistent with its
formulation as H,A?". However, the precise details of the
transition from HA} to H2A§+ remain unclear. What is surprising is
that, as described in the ‘Results’ Section, Sulforhodamine B
undergoes rapid protonation to a species which has the open
structure 9 on the basis of previous data,’®"'? whereas sultam 4
undergoes slow conversion to the closed, doubly protonated
form H,A2". Absorption spectra recorded during the slow
decolorization showed no evidence of a protonated intermediate

Table 4. Rate and equilibrium constants (+SD) used in Eqn
(16)

Derived constant Value
10 2%k, (s ) 3.02 (£1.37)
10 % (s 227 (£0.08)
10%ky M~ 's™) 4 (+0.4)
10%_a (s 9 (+£0.8)
10°°%; M~ "s™) 8 (+£2.0)
10~ 6k’_ (*) 210 (£1.22)
PKA 3.24 (+0.08)
PKa, 472 (40.06)
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Figure 7. Structure of compound 8

equivalent to the open form 9. It is implicit in these data that
protonation of HAJ is a slow step followed by rapid cyclization
to H,A2". One rationalization of the different behavior of
Sulforhodamine B and sultam 4 upon exposure to strong acid is
that the sulforhodamine (net overall single negative charge)
undergoes rapid protonation, whereas the sultam, which as HA
bears no net charge, is protonated to an open dication analogous
to 9 much more slowly and that the dication is then rapidly
quenched by internal attack of the sulfonamido group.

Using the set of rate and equilibrium constants derived above
and summarized in Table 4, we can calculate a plot of the overall
rate constant against pH, k., (see below) that is compared in
Fig. 9 with the combined ks data set from Tables 1-3. kcac Was
calculated (Eqn (16)) for data in the pH range of 0-10.52.

kcalc = kA[H+] + k—A

kok,—1
T RIT+ (H)Ka) (1+ [H)/Kin))
K, ke [OH]
Wk "

For data from pH 11.99 to 13.05, k., was taken as equal to k..
No estimate of k., was made at pH 10.99 and 11.50 because the
data were influenced by factors discussed above.

The predicted ratio [HA/1/[Ar], where [A;] is the total
concentration of 4, was also tested as a function of pH (Eqn
(17)) from 567 nm absorption measurements in the pH range of
0-10 (Fig. 2). Since [H'IAJ/(HA;1+[Ao))=10"*"M and the
concentration of A, is negligible below pH 10.

HAZ] (- 1077371 4+ (H]/Kn) (1 + [H]/Kua)})
Al (” A )

(17

Both the equilibrium and kinetic data sets in Figs 2 and 9,
respectively, fit theory as formulated by Eqns (16) and (17) well, as
judged by eye. The principal exception is for the data points of
Fig. 2 at the lowest pH values. This deviation is discussed in the
‘Results’ Section and Figure S1 of the Supplementary Information.
A more objective estimate of the kinetic agreement is given by

Figure 8. Structure of compound 9, which corresponds to a protonated
form of compound 1
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Figure 9. Dependence of k., on pH for sultam 4. Values of ks are
plotted from data in Tables 1-3 acquired using stopped-flow, manual
mixing, and laser-pulse photolysis. The line is a plot of the logarithm of
the calculated rate constant (K, of Eqn (16)) against pH for the pH range
0.0-10.52, using the rate and equilibrium constants listed in Table 4, and
against pH for the range 11.99-13.05 using k.. No line is drawn through
the anomalous data points at pH 10.99 and 11.50 (as discussed in the text)

determining the extent to which individual data points lie within
the SD range of k,ic as defined by Eqn (16), that is from pH 0.0 to
10.52. These SD values were calculated from Eqn (16) using those
of kn, k_p, pKa., and pKua (from Table 4) and of kok' ;/(k" ; + k)
and of kik/(k"; +k.) (see text above). Fifteen of the 24 data
points in the pH range 0.0-10.52 lie within one SD of k., at the
relevant pH value. For the subset of stopped-flow data, 8 of the 13
data points are within one SD of the k., values. If the spread of
the data points is described by a Gaussian distribution, then 68%
of the data points (i.e. 16 and 9, respectively, for the whole pH
range 0.0-10.52 and for the stopped-flow data) should lie within
the 1 SD limits. Thus Scheme 3 and its associated equilibrium and
rate constants provide a quantitative description of the data.
Finally, the absorption spectrum of 4 measured at pH 12 showed
that at equilibrium, the residual absorption (shown in ‘Results’
Section) corresponded to ~0.014% of the total rhodamine being
present as A,. This agrees well with the predicted value for the
[AJ)/IAJ] ratio of 1.34 x 107 (i.e. from ko/k).

Thus, the kinetic and equilibrium data over a 3 x 10'%fold
range of H™ concentration provide a relatively stringent test of
Scheme 3. The presence of ethanol in the solvent may affect the
water ionic-product value of 107'*7¢ M, but error in the
ionic-product value will only cause error in k; amongst the
constants in Table 4, since the only appearance of [OH ] in the
equations is as a product with kj.

The mechanism derived above contains several points of
interest. First, the pK, of 11.40 derived for HA from the kinetic
results is compatible with known data (e.g. N-methylbenzene-
sulfonamide has pK, 11.43).2% It is noteworthy, though not
unexpected, that the bimolecular rate constant of 4.8 (£2.0) x
10°M~"s™" at 4°C determined here for reaction of hydroxide ion
with the sulfonamide proton is comparable with related
diffusion-controlled processes.” While at low pH there is
evidence for H'-dependent protonation of HA] with a rate
constant of 1.4 (+£0.4) x 10 M~ 's™', there is no evidence for a
kinetically competent protonation of A, (Eqn (10)). This is
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expected for ionizable compounds whose pK, values are far
removed from 7.

The mechanism as described implies facile unimolecular fission
of the elongated endocyclic C—N bond of the sultam, with the
arylsulfonamide anion as the leaving group, yet there is little
precedent for such a reaction. Ring opening of N-arenesul-
fonylaziridines under neutral conditions appears to be one such
analogue, although in that case ring strain is a major influence on
the reactivity.** The pH-independent hydrolysis of the amide
group in the N-benzoylsultam 10 is a related example, although
the base-catalyzed rate is dominant, even at neutral pH.[ZS] The
anomalous acylation of a serine residue in elastase by the
oxosultam 11 that involves ring-opening with C—N cleavage is
another example,”*® although both reactions are likely initiated
by attack of an external nucleophile on the relevant carbonyl
group. In the present case, C—N bond cleavage in the rhodamine
sultam must be driven by the stability of the highly delocalized
cation that is formed. The cleavage would be facilitated by the
relative weakness of the endocyclic C—N bond, that is 0.06 A
longer than its exocyclic companion. In the latter context, it is
noteworthy that the scissile C—O bond in several members of
the well-known family of photochromic spirooxazines” has also
been shown to be longer (by 0.03-0.05A) than typical C—O
bonds in related oxygen heterocycles (Fig. 10).[28-3%

A related C—N heterolysis process occurs in the hydrolysis of
tritylamines, where a less marked extension (0.02 A) of the labile
C—N bond has been noted.®" Kinetic studies of the acidic
hydrolysis of di- and tri(p-methoxy)tritylamine®*** suggest that
the protonated amine undergoes C—N bond cleavage to give an
ion-molecule complex [ArsC*NRs], that converts to products via
both spontaneous and acid-catalyzed paths. The spontaneous
reaction is an Sy1-like process in which the nucleofuge is an
amine. Ring opening for the rhodamine sultam 4 (A — A,) is
similar except that the leaving group is a sulfonamide anion. For
tritylamines the partition between acid-catalyzed and uncata-
lyzed pathways varied considerably as substituents on the aryl
groups and amine changed®¥ and the kinetic parameters of
Scheme 3 would doubtless show some variations if differently
substituted sultams were considered.

Half-times for decay of the photochemically generated
open form of 4 are in the s time domain, in marked contrast
with the value of 1.7 s reported for a similar sultam in acetoni-
trile solution."®' Furthermore, half-times of ~300s were
reported'*>'¥ for comparable experiments on lactams similar
to 8. No explanation was offered as to factors that might cause
these zwitterionic structures to persist for such extended times in
a relatively non-polar solvent. Given the present results, it seems
likely that the photochemically generated zwitterion in those
experiments (corresponding to the species A,) underwent rapid
N-protonation by trace hydroxylic contaminants in the solvent.
The observed decay of the rhodamine chromophore could then
be understood in terms of slow reversal of this protonation to
allow reclosure of the sultam or lactam. Slower recyclization of

l io
Ozﬁ’_NW/Ph 0=3"N_pn
0 0
S 10 11

Figure 10. Structures of compounds 10 and 11

the amide can be rationalized on the grounds of the lower acidity
of the amide proton.

It is surprising that lactam derivatives of carborhodamines such
as 8 do not show pH-dependent behavior similar to that of
sultams, although the mechanism shown in Scheme 3 allows the
resistance to ring opening to be understood in terms of better
stabilization of a sulfonamide anion than an amide anion. This
stability of the closed form may be of benefit in future appli-
cations, since these lactams are also known to undergo
photochemical ring opening and, as indicated above, the kinetics
of the reclosure in aqueous solution are expected to be much
faster than in aprotic organic solvents.">'* Thus both the
sultams and lactams appear to have the capacity to act as
transient chromophores and fluorophores on the ps—ms time
scale. Possible applications as transient reporter groups,
especially as orientation probes within biological systems, are
under consideration.

While this work was in review, we became aware of a related
recent study, in which photochemical opening of a rhodamine B
lactam (i.e. a structure related to that of compound 8 herein) was
used in several imaging applications.** Only qualitative data
about the persistence of the open form in different solution
conditions were made [i.e. hours in organic (PVA) or milliseconds
in unspecified polar solvents] but the revival of interest in these
compounds following the earlier work by the Gleiter group!''¥
demonstrates the relevance of an understanding of the
interconversion between colored and colorless forms of these
dyes.

EXPERIMENTAL

General

The mixture of 4 and 5 (~2.6:1 ratio) was prepared and used for
isolation of pure 4 as described previously.”” The bis-pyrrolidinyl
sulforhodamine 6 was available from previous work."" Silica gel
for flash chromatography was Merck type 9385. Elemental
analysis was by MEDAC Ltd, Egham, UK Aqueous solutions of
Sulforhodamine B derivatives were quantified by visible
spectroscopy at 567 nm based on the absorption coefficient of
114000 M~ " cm ™' determined for sulforhodamine 6 in aqueous
solution." Concentrations of total rhodamine in pH-dependent
species were estimated from the absorbance of solutions at pH 4.
Buffer solutions for all spectroscopic and kinetic measurements
were prepared from solutions in water—EtOH (3:1v/v) of
appropriate acids at the molarities specified and adjusted to
the required pH values by addition of NaOH. pH-values were
determined with a glass electrode referenced to buffer solutions
in 100% aqueous solution. As noted in the ‘Introduction, little
perturbation of measured pH values is expected at this level of
ethanol content.®

3’,6’-Di(1-pyrrolidinyl)-2-methylspiro[1,2-benzisothiazole-
3(2H),9’-[9H]xanthene]-1,1-dioxide (7)

A suspension of sulforhodamine 6 (178 mg, 0.375 mmol) in POCl;
(2.5 ml) was kept for 18 h at room temperature, during which time
the mixture first solidified (~1h), and then turned slowly to a
homogeneous liquid. This was diluted with CHCl3 (~150 ml) and
washed with ice-cold water and ice-cold 10% aq. NaHCOs, then
shaken vigorously with cold 40% aq. methylamine (40 ml). The
CHCI5 solution was washed with water, 1 M HCl, and 10%
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NaHCOs, dried and the solvent was removed. Flash chromatog-
raphy (EtOAc-hexanes 3:7) followed by crystallization (benzene-
hexanes) gave 7 as colorless needles (156 mg, 69%), mp
292-294°C (dec) UV (EtOH): /max (EtOH)/nm (¢/M~'cm™") 274
sh (22900) and 310 (15 600); "H NMR (400 MHz, CDCls) § 7.88 (1 H,
dd, J=7.2 and 1.5Hz, H-7), 7.40-7.48 (2 H, m, Ar—H), 736 (9 H, s,
1.5 benzene of solvation), 7.00 (1 H, dd, J=7.0 and 1.5Hz, H-4),
6.92 2 H,d, J=9.3Hz, H-1, 8),6.29 (2 H, d, J=15Hz, H-4, 5),
6.27 (2H,dd, J=9.3 and 1.5 Hz,H-2/, 7), 3.27-3.30 (8 H, m, NCH,),
249 (3 H, s, Me), and 1.98-2.02 (8 H, m, CH,). Anal. calculated
for CygHyoN3035 - 1.5 CeHg: C, 73.48; H, 6.33; N, 6.95. Found: C,
73.16; H, 6.16; N, 6.99.

Kinetic measurements

Stopped-flow measurements were made at 4°C using a HiTech
MX51 instrument (TgK Scientific, Bradford-on-Avon, UK) operated
in single-push mode, with a 10% pre-trigger and mixing of equal
volumes of the two solutions in each run. Light from a quartz
halide lamp was passed through a monochromator set to 567 nm
and observed through a 1cm path length. Transmission data
were converted to absorbance and analyzed as the best fit to
single exponentials using the HiTech software. All buffer solutions
were prepared in water—EtOH (3:1 v/v) as described above. For
stopped-flow measurements going from high to low pH, the 4
plus 5 mixture was diluted to 9 uM (i.e. 6.5 uM 4, 2.5 uM 5) in
5mM Na borate, pH 9.0 and for measurements in the opposite
direction it was diluted in 5 mM Na citrate, pH 4.0. Mixing buffers
(100mM) contained citrate (pH 2.0-6.0), 2-(N-morpholino)
ethanesulfonate (MES, pH 6.5), or 3-(N-morpholino)propanesul-
fonate (MOPS, pH 7.0 and 7.5).

Kinetic experiments at high [H] were performed at 4°C in a
Beckman DU640 spectrophotometer. Equal volumes of HCI
(0.2-2 M) and a solution of 7.0 uM 4 (and 2.7 uM 5) in 1 mM HCl,
each in water-EtOH (3:1 v/v) and pre-cooled to 4°C, were mixed
by hand (~305s) and absorbance at 567 nm was monitored. Data
were transferred to Microsoft Excel™ and analyzed as single
exponentials.

Solutions of 4 (21 wM) for pulse-laser photochemistry were
prepared similarly to those for the stopped-flow experiments, but
with 55mM buffer concentrations for comparability with the
post-mixing concentrations in those experiments. Solutions were
prepared from N-(2-hydroxyethyl)piperazine-N'-3-propanesul-
fonate (EPPS, pH 8.0 and 8.5), 2-(cyclohexylamino)ethanesulfonic
acid (CHES, pH 9.0 and 9.5), 3-(cyclohexylamino)propanesulfonic
acid (CAPS, pH 10-11). Above pH 11, solutions of NaCl (pH 11.50,
97 mM; pH 11.99, 90 mM; pH 12.50, 68 mM; pH 13.05, 0 mM) were
adjusted to the required pH values with 1 M NaOH. Solutions
were irradiated at 4°Cin a quartz cell (path length 10 mm) using a
Lambda Physik LPX 100 XeCl excimer laser producing 30ns
150 mJ pulses at 308 nm and focused with two orthogonally set
cylindrical lenses. Typically, 10 records were averaged using a
Luzchem model LFP-111 transient recorder and Tektronix
digitizer (300 MHz bandwidth). Recording was initially at
567 nm but later experiments were recorded at 547 nm to
minimize interference in the first ~100ns after the light flash.
Most kinetic data were fitted to two exponentials, but for the
fastest time sweeps (4 ws full-scale) only a small proportion of the
second exponential was present and the fit was to a single
exponential plus a straight line. To minimize interference from
the laser flash in the 4 ps full-scale time sweeps, the data were
processed using a built-in instrument correction that partially

attenuated the magnitude of this perturbation. Prior to the
10-record averaging, each record had a partner in which the
monitor beam was shuttered (i.e. only scattered light/fluor-
escence was detected) that was subtracted from the raw data.
The resultant averaged 10-record data set then had a
corresponding data set from a blank solution subtracted from
it. All fits were made using unweighted non-linear routines in
Microsoft Excel™. Abs, values (Table 3) had two components.
The first component was measured from the time at which the
absorption peaked (i.e. time zero on the abscissa as in Fig. 4B). To
this was added the 0.015 absorbance calculated by taking into
account the mean interval of 64ns between the time of the
maximum intensity of the laser pulse and time zero. Abs, values
in the pH range 8.48-13.05 (Table 3) were calculated by
subtracting the Abs; amplitudes from the overall amplitudes.

Error ranges are recorded as SD of individual experimental
trials (e.g. Table 1), accumulated data sets (e.g. pKna, and pKa.) or
by combining SD of two measurements to calculate the SD of a
third entity using standard procedures for propagation of
errors®” [e.g. k_; from k. and (k_; + kJ)].

Spectroscopic pH titration and related measurements

A stock solution of 4 (1 mM in ag. MeOH) was diluted to 8.3 wM in
ag. ethanol solutions of 25 mM buffers (citrate, MES, MOPS, EPPS,
CHES, and CAPS over the pH range of 2-10 as described above) or
0.2-1 M HCl. Solutions were kept at room temperature for 2 h to
ensure equilibration of 4 at low pH and their absorption at
567 nm was measured.

For the measurement at high pH, the same stock solution of 4
was diluted to 84 M in 90 mM NaCl adjusted to pH 12 (also in aq.
ethanol as for the kinetic measurements) and its absorbance
spectrum was measured. The absorbance at the maximum value
(~555nm) was manually corrected for the sloping baseline
absorbance and the concentration of open rhodamine was
calculated. The total 555 nm absorbance (1 cm path length) was
~0.004 and the baseline-corrected value was ~0.0016, corre-
sponding to ~14 nM open rhodamine, that is 0.016% of the total
rhodamine concentration.

The UV spectrum of the closed form of 4 was measured in aq.
ethanolic CAPS, pH 10.5. The absorption coefficient at 308 nm
(the wavelength of the excimer laser used above) was
15300M "ecm ™.

Crystallographic details for sultam (7)

Crystals were grown from chloroform-ethanol solution. A single
crystal ca. 0.05 x 0.05 x 0.1 mm? mounted on a glass fiber was
used for crystallographic measurements. Intensity data were
collected at 20°C using a 30-cm MAR imaging plate on beamline
BW7A at the EMBL outstation, Hamburg, Germany using
monochromatic radiation of wavelength 0.748 A. Two data sets
with different crystal-to-detector distances, exposure times, and
oscillation ranges were merged to give a final data set 92%
complete from 10Ato 0.83 A. Data were processed and reduced
using DENZO and SCALEPACK, respectively.”® The structure was
solved by direct methods (SHELXS-86).1*” Refinement was carried
out using intensities, F?, in SHELX97.*® Anisotropic temperature
factor refinement was carried out on all non-hydrogen atoms and
all hydrogen atoms were refined using a rigid model
(CoprH=10.93 A, Cyp3-H=0.96 A with Uiso(H[Copo)) = 1.2Ueq(Copa)s
Uiso(H[Cspz]) = 1-2Ueq(csp2)l and Uiso(H[C5p3] = 1~5Ueq(csp3))-
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Full-matrix least squares refinement of 318 parameters for 4097
independent reflections [/ > o(l)] gave Rr=0.0865 and wR,=
0.2259 (R-=0.0538 and wR,=0.1814 on 2748 | > 20(/) data). The
atomic coordinates are given in the Supplementary Information
as a cif file.

Supporting Information Available

Low pH titration and spectroscopic data for the sultam 4 (pdf),
and a table of atomic coordinates for the crystal structure of the
sultam 7 (cif). This material is available via the Internet on the
Wiley InterScience website.
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