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Abstract

Changes in vibrational circular dichroism (VCD) were recorded on-line during a chemical
reaction. The chiral complex nickel-(-)-sparteine chloride was hydrolyzed to free (—)-
sparteine base in a biphasic system of sodium hydroxide solution and chloroform (CHCls). IR
and VCD spectra were iteratively recorded after pumping a sample from the CHCl; phase
through a lab-built VCD spectrometer equipped with a tunable mid-infrared quantum cascade
laser light source, which allows for VCD measurements even in the presence of strongly
absorbing backgrounds. Time-dependent VCD spectra were analyzed by singular value
decomposition and global exponential fitting. Spectral features corresponding to the complex
and free (—)-sparteine could be clearly identified in the fitted amplitude spectrum, which was

associated to an exponential decay with an apparent time constant of 127 min (¢, = 88 min).

Introduction

Due to their high sensitivity towards changes in a molecule’s three-dimensional geometry,
chiroptical spectroscopy methods have a high potential for being used for studying time-
dependent dynamic processes. Introduced for studies on nano-second time-scale photolysis of
(calrbonmonoXy)myoglobin,1 time-resolved electronic circular dichroism (ECD) has been
applied for studies involving both small* and biological molecules.” Vibrational circular
dichroism (VCD), the difference in absorbance of left minus right circularly polarized infrared
(IR) light, combines the virtues of both the high content of information of vibrational spectra
and the sensitivity to a molecule’s three dimensional properties from CD. It is, in combination
with quantum chemical calculations, widely used for the determination of the absolute
configuration.* VCD is also very sensitive towards conformational equilibria,” and secondary
structure,’ thereby complementing ECD. These properties render the application for
monitoring of time-dependent processes highly desirable. However, VCD is generally
restricted to solutions in IR-transmissible solvents such as CDCl;, CCly, and optimal
concentrations and path lengths—conditions that are not compatible with most chemical
reactions. Nevertheless, it could be shown that use of a quantum cascade laser (QCL) as a
light source, with its high output power, permits the measurement of VCD spectra of highly

absorbing samples, too.’

A simple example for a time-dependent change of optical activity is a racemization process.
The potential of VCD for monitoring the time-dependent change of enantiomeric excess has
previously been demonstrated through different proof-of-concept experiments.®” According to

Beer’s law, vibrational spectra of chemical compositions represent a linear combination of



spectra of the involved compounds, also allowing for quantitative analysis.'® In time-resolved
experiments, these spectra correspond to species that are present at a certain point in time.
Therefore, a model to describe the VCD monitoring of a racemization would involve the
spectra of two extrema: the full amplitude of the pure enantiomer at the beginning, and a zero
line after full racemization. Chemical reactions that involve the conversion of one compound
into another, however, might require more complicated models. Provided that a reaction can
be approximated as first order, time-resolved spectra can be modeled as the sum of
contributions from one or more exponential decays with the use of global fitting procedures.
This concept has for example been used to deconvolute time-resolved spectral data of light-

. . . .. . 11
induced reactions in photo-sensitive proteins.

In order to demonstrate the applicability of QCL-based VCD as a detection device in a flow-
through setup for monitoring a chemical conversion, we recorded VCD spectra of the
hydrolysis of nickel-(—)-sparteine chloride (1) to sparteine (2) at the interface between the

organic solvent (CHCIs) and an aqueous sodium hydroxide solution over time (Scheme 1).

1
-2CrI +2CI
: +2 OH
NN > NPT T NiOH)y
2

Scheme 1: Reaction sequence of the basic hydrolysis of nickel-(—)-sparteine chloride (1) to sparteine (2),

involving dissociation of the complex and precipitation of Ni(OH),.

The high spin complex 1 exhibits strong VCD due to low-lying d—d transitions leading to

enhanced rotational strength according to vibronic coupling ‘[heory.lz'14

Upon hydrolysis of 1
to 2 these d—d transitions are removed, which results into characteristic changes in the spectral

range (1322.5 — 1226.5 cm ™) observed with the QCL-VCD setup.



The reaction consists of a dissociation and a precipitation step (Scheme 1) and depends on
different reactants, products and intermediates. Furthermore, one should be aware of potential
contributions to the kinetics of the reaction from diffusion of reactants to the
chloroform/water interface. Nevertheless, the kinetic description of the observable decrease of
the concentration of 1 in the chloroform phase may be simplified after certain considerations
are taken into account. The very low solubility of Ni(OH), in water (K = 10! mol® L)
suggests fast precipitation at the interface, which should not be rate limiting. Because Ni*" is
rapidly removed from the solution, the back reaction (formation of 1) should be negligible,
which renders the dissociation step a pseudo-first order reaction. The reaction predominantly
happens at the interface. Therefore, the reaction rate may be limited by diffusion, too. This
influence, however can be minimized by stirring. Still, the area of the interface may contribute
as a constant parameter to the observed reaction rate of the overall pseudo-first order reaction
determined by the dissociation step. In conclusion, we hypothesize that the decrease of 1,
observable as time-dependent spectral changes, can be described by a single exponential

decay:

AV, H)=a (V) +a(P)e * (1)

A is a time-dependent spectrum measured in the course of the reaction. The amplitude
spectrum a, represents a time-independent component, which corresponds to the VCD
spectrum of 2. The decay associated amplitude a corresponds to the VCD spectrum of 1

minus the VCD spectrum of 2.

We subsequently recorded VCD spectra of the reaction solution with changing content of 1
and 2 over time. Using global exponential fitting to the time-dependent VCD data set, we
obtained a time constant for the hydrolysis of 1 and an amplitude spectrum that can be

attributed to spectral features that correspond to 1 and 2.

Materials and Methods

IR- and VCD reaction monitoring

For time-dependent IR and VCD measurements we used a setup similar to the one described
previously.” Circularly polarized light was generated from linearly polarized radiation of the
external cavity QCL (Daylight Solutions, San Diego, CA, USA) by a 70 kHz photoelastic
modulator (PEM 80, Hinds, Hillsboro, OR) with anti-reflective coating to reduce artifacts

from laser interference. Intensities were recorded using a liquid N, cooled detector (L-8575



HCT-70, InfraRed Associates Inc., Stuart, FL). Modulation of the light-beam by a mechanical
chopper allowed for AC coupling of the detector. Intensities corresponding to the IR and the
VCD signal were obtained from demodulation by two lock-in amplifiers (SRS830, Stanford
Research Systems, Sunnyvale, CA, USA) referenced to chopper and PEM frequencies,

respectively.

The nickel-(—)-sparteine chloride complex 1 was synthesized according to literature.'® (—)-
Sparteine (2) was obtained after dissolving (—)-sparteine sulphate (Fluka, Buchs, Switzerland)
in a 100 mM sodium hydroxide solution and extraction with fert-butyl methyl ether. For
hydrolysis of 1 a 200 mM solution in CHCl; (326 mg in 3 mL) was overlayed with 5 mL of a
200 mM aqueous sodium hydroxide solution in a test tube. Though the organic phase was
stirred vigorously, care was taken not to perturb the phase boundary, where the hydrolysis
took place. In the course of the reaction, Ni(OH), precipitated as a lime-green solid, whereas

free base 2 accumulated in the CHCl; phase.

Independent static spectra of 1 were recorded before the reaction was started, averaged and
used as a background for time-dependent spectra. QCL-IR and QCL-VCD measurements
were undertaken every 20 minutes by aspirating a sample from the organic layer and pumping
it through a 200 um CaF, sample cell, which rested in the light-beam throughout the whole
experiment and was connected to the reaction vessel by Teflon tubing. Using a three-way
valve (NResearch Inc., West Caldwell, NJ, USA) virtually full exchange of sample between
two measurements was established. Referencing to the time when the sodium hydroxide layer
was added, we recorded 19 spectra after reaction times of 5, 27, 48, 71, 96, 117, 141, 164, 186,
210, 232, 253, 276, 298, 320, 342, 364, 386, and 408 min. The QCL scanned with a nominal
step size of 0.5 cm™ between 1320 and 1230 cm™ except for spectral regions from 1279 to
1272.5, 1255 to 1248, 1240 to 1235.5 cmfl, where a nominal step size of 0.25 cm™' was used.
The different step sizes were necessary in order to avoid gaps between two sampling points,
which arise after recalibration of nominal to actual frequencies (actual spectral range: 1322.5
to 1226.5 cm') from inaccuracies in the frequency calibration of the laser. Each frequency
data point is an average of 50 lock-in readings (time constant 300 ms), which results into a
total recording time of 19 min for scanning from 1322.5 to 1226.5 cm™'. All spectra were
treated with a high pass Fourier filter (Gaussian apodization) in MATLAB (MathWorks,
Natick, MA, USA) blocking all contributions with a bandwidth of > 100 cm™ to correct for

time-dependent baseline drifts and were Fourier-smoothed for a final resolution of 5 cm ™.



FT-IR and FT-VCD measurements

FT-VCD and FT-IR spectra of 200 mM solutions of 1 and 2 in CDCl; were recorded on a
Bruker Tensor 27 FTIR spectrometer equipped with a Bruker PMA 50 VCD side-bench
module with a resolution of 4 cm™ in a 110 pm BaF, cell. The spectra represent the average
of 5 hrs of measuring followed by solvent subtraction. For VCD measurements between 1800
and 800 cm ' the photoelastic modulator (PEM) was set to quarter-wave retardation at 1400

-1
cm .

Singular value decomposition and global fitting

Background information on the applications of singular value decomposition to the analysis
of spectroscopic data can be found elsewhere.'” Briefly, the data matrix A (361x20),
containing baseline-corrected spectra as columns and time-traces as rows, was factorized with
SVD as: A = UxSxV'. The matrices U (361x20) and V (20x20) contain as columns
orthonormal “component” spectra (abstract spectra) and time-traces of decreasing relevance.
The contribution of each spectro-temporal component to describe the experimental matrix A
by means of least squares is given by its singular value contained in the diagonal of the S

(20x20) matrix. SVD was performed in MATLAB.

Global exponential fitting was performed in MATLAB by implementing the Levenberg-
Marquardt algorithm'® in home-made routines, as described previously."”” The columns of the
matrix V, obtained from SVD of the experimental matrix, were analyzed following standard
procedures for combining SVD and fitting, as described in the literature.”” The nonlinear part
of global exponential fitting, the estimation of the time constant(s), was performed on a
reduced set of columns of V. Because the spectrum at #, was a zero line, constraints were set
to force the fit to go through zero. The estimation of the exponential amplitudes versus the
wavenumber, known as decay associated spectra (DAS), made use of all the columns of V.
For more accurate results we weighted the data in respect to wavenumbers for both SVD and
global exponential fitting, based on wavenumber-dependent standard deviations obtained

from measuring a CHCl; background spectrum.

Results

The time-scale of the hydrolysis of 1 can be controlled by different parameters. High pH, i. e.

a high concentration of hydroxide ions, provides a large excess of precipitating agent and



hence shifts the equilibrium to the reaction side, thereby releasing free base 2. Our reaction
setup was designed as a two-phase system consisting of an aqueous sodium hydroxide
solution and complex 1 dissolved in chloroform (CHCIs). Therefore, the kinetics depended on
the area of the organic/water interface, where the reaction took place. The course of the
reaction could be visually inspected from decoloration of the chloroform phase and formation

of green precipitate of Ni(OH), at the interface (Fig. 1).

n N

t(min)= 0 11 164 186 210 232 253 276 298 320 342 364 386 408

Fig. 1: Photographs of the reaction vessel taken at the indicated times.

Fig. 2: Experimental setup. QCL: external cavity quantum cascade laser; PEM: photoelastic modulator; LIA:

lock-in amplifier; Ref;: reference frequency of the chopper; Ref;: reference frequency of the PEM.

The sample solution was aspirated from the chloroform phase and pumped through a 200 um
CaF, cell between two consecutive measurements. After a spectrum was recorded, the
solution was re-injected into the reaction vessel. Because the reaction only takes place at the
interface, every sample taken from the chloroform phase is a snapshot of the composition of
the reaction solution at a certain point in time. For recording time-dependent IR absorbance
and VCD spectra in the spectral range from 1322.5 to 1226.5 cm™' we used an instrumental
setup similar to the one that had been introduced previously (Fig. 2).” The high throughput of
IR light from the QCL was sufficient to overcome the background from CHCIl;, which has an
optical density (OD) between 1 and 2 in the spectral range from 1238 to 1230 cm™'. As a

consequence of intermittent instead of continuous pumping, the reaction proceeded for the



portion that remained in the reaction vessel but was halted for the portion that rested in the
sample cell and the tubing during each measurement (19 min). This was necessary to ensure
that the intensity at every wavenumber in the IR and VCD spectra corresponded to the same
snapshot within the course of reaction. Mixing back the sample from the cell to the reaction
batch instead of discarding it, however, lead to observation of an artificially retarded time
constant 7z instead of the true time constant 7, which actually reflects the reaction rate. The
difference between 7.¢r and 7 gets negligible for large reaction batches or can be minimized by
increasing the time resolution of the measurement, for example by scanning a smaller spectral

range.

For background correction of the IR and VCD spectra, we subtracted the spectrum recorded
before the sodium hydroxide solution layer was added (spectrum at #y). The IR and VCD

difference spectra recorded over 408 min are shown in Fig. 3 A.



[ QcL-vcD

AAex1073
o o o
o N

S
N

o
~

L 1 1 1 L 1 L 1 i
1320 1300 1280 1260 1240
wavenumber (cm')

B 112 min
[ 98 min

154 min

- M 101 min

0.2+

0 100 200 300 400 500
time (min)

Fig. 3: A: Time-dependent QCL VCD and IR spectra. Because the spectrum at #, was used as a background, the
difference absorbance for ¢, is a zero line. Color coding is from purple (%) to lime-green (#40g min), according to
the time-dependent color change of the reaction solution. Spectra are corrected for baseline drifts and smoothed
as described in the Materials and Methods section. B: Time traces for IR difference absorbance at individual
wavenumbers (indicated by arrows in A). The times are the effective time constants from exponential fitting of

the IR absorbance change at 1303 (light blue), 1288 (black), 1276 (green), 1264 (pink), and 1228 (blue) cm .

The spectrum recorded at #, corresponds to pure 1. By subtracting this spectrum from eq. 1

and substituting 7by z.¢ we obtain

t

M, 1) = a()| e * -1 @)




This means that at #, the time-dependent data set starts with a zero line and ends after total
conversion (#.) with the full negative amplitude spectrum (—a), corresponding to 2 minus 1.
We tested this model by fitting eq. 2 to the time-dependent change in IR absorbance at
different wavenumbers corresponding to characteristic maxima or minima in the IR difference
spectrum (Fig. 3 A). Fits at 1303, 1288, 1276, 1264, and 1228 cm ' delivered a time constant
of 109 min in average, which is reasonable for the time frame of this reaction, though with
values varying in the range between 79 and 154 min (Fig. 3 B). The variations arise from
fitting two parameters the same time: the amplitude of absorbance and the time constant.
Therefore, inaccuracies in the amplitude also result in errors for the determination of the time
constant. This is even more evident for VCD, where absorbance values at single wavelengths
are more error-prone, because the amplitude of a VCD spectrum is regularly ~10* of the
corresponding IR signal.*' Particularly for the evaluation of three-dimensional VCD data,
fitting at multiple instead of individual wavenumbers is much more accurate and less biased.
Furthermore, given that the model is correct, global exponential fitting of three-dimensional
spectral data provides spectral information about the decay associated components involved in
the process. Such decay associated VCD spectra can provide information about the presence

or absence of a particular substance, as well as about its configuration and its conformation.

Therefore, global exponential fitting of eq. 2 to the data from Fig. 3 should both deliver the
amplitude spectrum a, and the time constant 7z for the exponential decay of a in the
experimental data. Prior to global exponential fitting, we performed singular value
decomposition (SVD) of the time-dependent data set (Fig. 4). As expected, only the first
abstract spectrum (Fig. 4 A, I) showed an exponential time-dependence (Fig. 4 B, 1). The
second extracted component mostly represents a linear time-drift (Fig. 4 B, II) of the baseline
(Fig. 4 A, IT). All other components can mainly be attributed to noise, based on their random

time-evolution (see Fig. 4 B, III and 1V).



1300

1
1250

]
1300

1250

wavenumber (cm™)
B . - ..'Ou..' .0. - o
i o B ° L . L L
« [ - . ..
g F ..o. § * * I '.'....... ..." L ...'..o * .'.o"o°0
... ...... - o [ -
. F L L
1 " 1 n 1 1 1 1 1 I 1 " 1 n 1 L 1 n 1 1 1 " 1 n 1 " 1 1 n 1 L 1 " 1 n 1
0 100 200 300 400 O 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time (min)

Fig. 4: Spectra (A) and time traces of the corresponding coefficients (B) of the first four components from SVD

analysis.

Instead of performing a global exponential fit on the full data set, it is more efficient to
perform the fit on the time-dependent information in V, which delivers z., and additionally
allows for calculating back the pure amplitude spectrum a (see Materials and Methods section
for details). The results are shown in Fig. 5. The positive and negative VCD difference bands
in the amplitude spectrum « (Fig. 5 B) represent the C—H bending modes of 2,”* which appear
as enhanced VCD signals in the spectrum of 1. The spectrum also agrees with a difference
VCD spectrum of 1 minus 2 measured on a FT-VCD instrument (Bruker PMA 50) using
CDCl; as a solvent instead of CHCl; (Fig. 5 A). The coefficients for a plotted against time
(Fig. 5 C) clearly show slow exponential behavior with 7z = 127 min. This is a similar result
to that achieved by fitting the absorbance change at individual wavenumbers in the IR (see
above). The residuals (experimental minus fitted spectra), exemplarily calculated for ¢ = 48,
186, and 342 min (Fig. 5 D), contain noise and background artifacts. We also performed
global exponential fitting on the time-dependent QCL-IR spectra (supporting information)
leading to 7.sr = 123 min. This control analysis was necessary to demonstrate the reliability of
VCD-based kinetic studies, which is particularly important for those cases in which

characteristic time-dependent changes are observed in the VCD, but not in the IR.
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Fig. 5 A: Difference spectrum of pure complex 1 minus free base 2 (200 mM in CDCl;) measured on a FT-VCD

spectrometer. B: Decay associated spectrum (DAS) from global exponential fitting of time-dependent QCL-



VCD data of the hydrolysis reaction in CHCls. This spectrum corresponds to the difference of 1 minus 2. C:
Back calculated fractions of decay associated spectrum a versus time with the theoretical curve using eq. 2 and
Tee = 127 min. D: Exemplary residuals (experiment minus fit) for the global exponential fit at = 48, 186, and

342 min.

A pure VCD spectrum of reaction product 2 was obtained from subtracting the decay
associated spectrum (1 minus 2, Fig. 5 B) from the CHCIs-background corrected spectrum
recorded at 7y, representing 1. In Fig. 6 these spectra of 1 and 2 are compared to the
corresponding spectra recorded on a FT-VCD spectrometer in CDCl;. All characteristic
features in the FT-VCD (Fig. 6 A) are also present in the spectra from the QCL-VCD
experiment (Fig. 6 B). Additional bands, mainly visible in the case of 2 (Fig. 6 B II), are due
to background artifacts. However, by using ¢, as a background, as performed in this study,
most of these artifacts seem to cancel out. Global exponential fitting of double-difference
time-dependent VCD spectra lead to identification of product 2 from the spectrum associated
to an exponential decay with a time constant of 127 min. This supports a pseudo-first order
kinetic model for the hydrolysis of 1, and, moreover, demonstrates the applicability of QCL-

VCD for monitoring a chemical reaction.
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Fig. 6 A: FT-VCD spectra of 200 mM CDClj; solutions of 1 (I) and 2 (I). B: Spectrum recorded at #, of the QCL-

VCD reaction monitoring experiment (corrected for CHCl3-background) representing pure 1 (I) and spectrum of



pure 2 constructed by subtracting DAS from the spectrum at #,. Characteristic spectral features are indicated by

asterisks.

Discussion

The hydrolysis of complex 1 to free base 2 is an excellent model for a reaction comprising
significant changes in the VCD that can be monitored over time. The observed spectral
changes agree with the expected difference of the individual VCD spectra for 1 and 2,
respectively, and occur with a similar time constant as obtained from exponential fitting of IR
absorbance at individual wavenumbers. VCD reaction monitoring is generally challenging
due to strong background absorbance of solvents that are usually applied for chemical
reactions. The use of a tunable QCL as a bright light source allows for measuring samples
with an OD of up to 3.5.” Dedicated solvents for vibrational spectroscopy, such as deuterated
chloroform (CDCls) show low absorbance over a broad spectral range in the mid IR. At a path
length of 200 um CDCI; has a maximal OD of 0.03 in the spectral range from 1322.5 to
1226.5 cm™'. For the same path length, the OD of CHCls is 0.06 at 1320 cm ', but, due to
absorbance of the C—H bending vibration, it increases to 1.0 at 1238 and exceeds 2 below

1230 cm ', which is still feasible with the use of the QCL light source.

Analogous to dispersive instruments, in QCL-VCD a wider range requires a longer
acquisition time, which increases even more with smaller scanning steps for a higher
resolution. Because the signals are detected individually at every single wavenumber, the
spectral range and regions with higher resolution can be restricted to signals and motifs that
are necessary for an unambiguous analysis. Thereby, sampling of redundant spectral regions,
which are nontransparent even for the QCL, can be avoided. This is a major difference to
Fourier transform spectroscopies, where all wavelengths are sampled simultaneously and
spectra are principally obtained with uniform resolution. For monitoring changes in optical
activity in a broad range of different reactions, however, it might be advantageous to optimize
for a particular spectral region of interest that is detectable with a particular solvent
background. Optimization of the sampled spectral region might also lead to increased time-
resolution, which is for QCL-VCD still limited by an integration time of milliseconds to
seconds per wavenumber for a reasonable signal to noise ratio, and a certain stabilization time
required by the laser after stepping from one wavenumber to another. Recently, setups for
laser-based pump-probe VCD measurements have been introduced that technically allow for
picosecond™ or femtosecond** time-resolution. Synthetic reactions, however, often happen on

the time-scale of minutes to hours and usually do not fulfill the requirements for pump-probe



experiments.” Data acquisition does not necessarily have to be very fast in monitoring
synthetic reactions. Because averaging of many transient spectra is difficult to accomplish,
duration of data acquisition has to be optimized in respect to signal-to-noise on one hand and
to time-resolution on the other hand. In this study, we monitored spectral changes (AAg ~6 x
10* L mol™ cmﬁl), which were, due to electronic enhancement, about 10 fold larger than
signal changes that would have been expected for a reaction involving simple organic
molecules (AAe ~10° — 10* L mol' e¢m™). Measuring these subtle changes will require
improvements to the experimental setup to increase baseline-stability and signal-to-noise.
However, if an appropriate least-squares regression is applied on the whole data set,
information about the time-dependent process can even be drawn out of moderate signal-to-

noise data.

Conclusions

In this study, we demonstrate the monitoring of a chemical reaction by observing time-
dependent changes of VCD signals over time. We recorded time-dependent VCD spectra with
a QCL-based setup. The strong light source extends the applicability of VCD reaction
monitoring to strongly absorbing samples, which is the case for any solution with a solvent
that exhibits infrared absorption in the observed spectral range. As shown for time-dependent
VCD spectra of the hydrolysis of 1 into 2, a combination of SVD and global fitting was used
to support an assumed reaction model, followed by the identification of reactant and product
spectra, and the determination of kinetic parameters for the reaction. This could in particular
be valuable for applications in stereoselective syntheses. VCD reaction monitoring could help
to optimize reaction conditions, €. g., in syntheses where optical purity reaches an optimum
but decreases before full conversion of a substrate to a chiral product is achieved.”® Here,
VCD only monitors the fate of the substance of interest, a chiral molecule, ignoring all the

background from achiral solvent and reactants.
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