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Abstract: The molar ellipticity, [#] = 178 000 deg cm? dmol~! (345 nm), of one pure enantiomer of 4,44’ 4'-tetramethyl-2.-
2/,3,3-tetraazaspiro[4.4]nona-2,2’-diene is determined by photolysis with circularly polarized light (cpl). [8] is calculated
from the maximum value of circular dichroism (CD) during irradiation and the value of optical density (OD) at the same time.
By introducing a new variable representing the number of photons absorbed, which replaces the irradiation time, kinetic equa-
tions are obtained which can be integrated and linearized. In this way all data from the whle irradiation experiment are used
for the graphical evaluation of [8]. As the degree of circular polarization of the irradiating light enters the equations, they can

be used for cpl actinometry.

Molar ellipticity, [0], of the pure enantiomer is an impor-
tant constant for characterization of optically active molecules.
The knowledge of this value is necessary for the spectroscopic
determination of the optical purity of an enantiomeric mix-
ture.! [6] is easily obtained if a pure enantiomer is available.?
There are methods, too, that do not require total resolution of
the enantiomers; it is sufficient to determine the ratio of the
concentrations of the diasteriomeric derivatives, e.g., with
NMR,34 gas chromatography,® or isotopic dilution tech-
niques.® If the optically active molecules are fluorescent the
circular polariation of the emission can be used for determi-
nation of optical purity.”®

Partial resolution is achieved by kinetic resolutions,’® e.g.,
by photolysis with circularly polarized light (cpl).1:10-15

If photoracemization is the only photoreaction, the kinetic
evaluation of the photostationary state gives access to [§].13-14
If photodestruction dominates photoracemization [f] may be
obtained from the initial slopes of plots which contain the
combined information of CD and OD measurements. !>

In this paper we present the photodestruction version of a
general method of determination of [#] by partial kinetic res-
olution. We analyze the whole CD and OD curves in detail and
find numerical and graphical procedures to determine [6] ei-
ther from the information given by the maximum and inflec-
tion points of the CD curves or from linearized plots.

The methods are demonstrated using the pyrazoline system.
This photolysis is an unequivocal photoreaction because pho-
toracemization cannot be expected for molecules like the py-
razoline I, where a cleavage of bonds leads to nitrogen elimi-

I

nation. Therefore, irradiation of pyrazolines is an experi-
mentally well developed procedure for the production of cyclic
systems.!® M. Schneider, e.g., used the spiro compound
4,4,4',4'-tetramethyl-2,2",3,3'-tetraazaspiro[4.4)nona-2,2’-
dien)el(71) to produce 2,2,2",2’-tetramethylsppiro[2.2] pentane
(II).

General Equations

When a racemic mixture of photoreactive molecules is ir-
radiated with circularly polarized light (cpl)!? both enan-
tiomeric R and S forms are photolyzed, one of them, however,

faster than the other because of their slightly different ab-
sorption coefficients for cpl. So one of the enantiomers is ac-
cumulated. We assume that the S form is photolyzed faster
than the R form.!

This can be used to determine the molar ellipticity, [#], of
a pure enantiomer if one succeeds in transforming the differ-
ential equations of the photochemical reaction to functions of
the same type as those of pseudo-first-order dark reactions. For
photochemical reactions the true rate-determining quantity
is the number of photons asorbed and this number changes with
irradiation time ¢ as the absorbance of the solution changes.
The parameter 7, which takes the place of the irradiation time
t, is defined as

. t] =104 t 8
_ﬂ 0 dz_ﬂ GA)dr ()

where A4, is the optical density at the irradiation wavelength

.

The differing absorption coefficients of the enantiomers for,
e.g., right cpl

€as (+cpl) = eq(npl) + (84/2) (22)

ear(Fcpl) = eq(npl) — (64/2) (2b)

make the optical density 4,*(¢) measured by cpl different from
A,(t) measured by nonpolarized light (npl). Therefore a re-
action parameeter for cpl analogous to 7 ought to be defined;
however as 4,*(t) ~ A,(t), r may be retained.

Irradiation with Pure Cpl. During cpl irradiation there are
the two independent parallel reactions

R form — Products (3a)
S form — Products (3b)

If there are no other reactions (as, e.g., photoracemization),
the velocity of photolysis by cpl of the two enantiomers is

deg(2)/dt = —10007¢P'® 4e0scs (1) G(Aq)
des(r)/dr = —Begscs(r) = —kacs(7) (4a)
and:
der(?)/dt = —100010°P'® earcr (1)G(AL)
dcr(7)/dr = —Beqrcr(r) = —kicr(7) (4b)

where ¢; = concentration of i )mol 1.7!), Io°?' = constant in-
tensity of the source for cpl (einstein cm=2 min~!), and &, =
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Figure 1. 8345—7 diagram of the evaluated experiment. The ¢ axis is in-
corporated to demonstrate the distortion.
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Figure 2. 8345-7 diagram of irradiation of spiropyrazoline 1 with varying
cpl part. The curves are normalized to equal lamp intensity.

constant quantum yield. Equations 4a,b define the coefficient
B (mol cm™2min~!) and the velocity constants k) and k,. The
starting concentration of each enantiomer in the racemic
mixture is Co.

Integration of eq 4a,b yields the cg-7 and ¢s-7 functions,
respectively, which are of the form of those of pseudo-first-
order reactions. The concentrations of each enantiomer cannot
be determined separately, whereas the sum of these concen-
trations is given by any nonchirospecific measurement as, for
example, absorbance at an arbitrary wavelength A. The re-
duced concentration sum is proportional to the reduced ab-
sorbance difference Ry:

cr(r) tes(r) _ _ AN(r) — An(1 > =)
2GCy Ax(r=0) — A\(1 — =)
The concentration difference can be obtained from the ellip-
ticity 8, at arbitrary wavelength A:

cr(r) —cs(1) _ 0a(7)
= 6
Co boa )
Boa (deg) is related to the molar ellipticity [6]a (deg cm?
dmol~!) by

=Rx(7) (%)

[8]a = (100/Co)8oa (7a)
and to the difference 6,112 by
6o = Aea = (ear — eas) = [0]4/3300 = 604 /33Co (7))

T
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Figure 3. Plot according to eq 13 for the evaluation of 8 34s.

Experimental 8- curves!! are plotted in Figures 1 and 2. A
maximum exists at the value of the reaction parameter 7
In»

tmax
Tmax=j; Glda)dr = g% (8)

where x = ky/k| = €xs/€ar = (€q + (8o/2))/(ea — (8a/2))
The ratio of the concentrations is at Tmax

CR (Tmax)/cS(Tmax) =x €))]

The inflection point of the 4-7 curve is at 71p = 27,y 1.€., at
double the value of the integral (eq 8), which is by no means
the value of the integral (eq 1) in the limits of t =0 and ¢t =
2t max (see Figure 3). At 27, we obtain

cR(27max) /€5 (2Tmax) = »* (10)
Further important relations are
(x=1)/x+ 1) =% (afea),
and with §,2 « €,2
=1/ + 1) = b/

8a/ € is Kuhn’s anisotropy factor g,.'2

By use of eq 11 the determination of x is unnecessary if 8,
is measured at the irradiation wavelength «. From eq 9, 10, 5,
6,and 11 we obtain

(11a)

(11b)

0o (Tmax) = h00a>(1/33C0)(1/€0)0a(27max)  (12a)
0a(Tmax) = 00012(1/33CO)(1/6a)R>\(Tmax) (12b)
0o(27max) = 200a*(1/33C0)(1/€ea) RA(27max)  (120)

2Coe, can be replaced by 4, (¢ = 0). With eq 12b it is possible
to calculate 6y, and from it [8],, using only the values of 8, and
R at the time of maximum CD. So we avoid the calculation
of the integral (eq 1). Accuracy will be determined by the er-
rors in recognizing the exact time of maximal CD. A help in
finding Tmax gives Ra(7), which decreases essentially expo-
nentially: Ry(7max) = 1/€; Ra(27max) = 1/e2

Equation 12b is sufficient for normal practical requirements;
eq 12a and 12¢ require calculation of the integrals (eq 1).

For eq 12a-c only some prominent points of the experi-
mental data have been used. The following procedure makes
use of all experimental points available. From eq 6 and 4a,b
we derive with , = «

(Co/b0a)(dB,/dT) = —B[earcr(T) — €ascs(7)]

Introducing eq 5, 6, 2a,b, and 7 we arrive after integration
at

(1/B)0a(7) + €0 j; " 8o(r)dr = (1/33C0)b0a2 j; " Ry(r)dr
(13)
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Figure 4. Plot according to eq 15 for the evaluation of B.

A plot of the left side vs. the integral of the right side gives 6o,
from the slope of the straight line through the origin (Figure
3).

However, up to now the constant B is not known. It can be
found from the evaluation of the following equations, which
are derived from eq 5 and 4a,b:

2Co(dRy/d7) = —B[eqrcr(7) + €ascs(7)]

1/BIRA(r) — 1] + ¢, ‘ﬁ)fo(r)dr

= (1/4-33C,) ﬂ Tou(r)dr  (14a)

which can be brought in a form suited for graphical determi-
nation of B:

Rx(r)=1-B8 [ea J;fo(T)dT
— (1/4:33C) J;Tﬁa(r)dr] (14b)

Numerical calculations show that the term containing 6,(7)
is negligible compared with ¢, {§R,(7)dr, which is a conse-
quence of Ae, << ¢,. Then eq 14b can be transformed to the
equation also valid for irradiation with npl:

In Ry\(7) = —Beot (14¢)

A straight line results if » ~ 1. If, furthermore, the reaction
products do not absorb at the irradiation wavelength, as is the
case with the spiropyrazoline I, eq 14b can be simplified

Ra(t) = 1 — (B/2C0) j;'(l —10-40)dr  (15)

So B can be taken from the slopes of the graphs according to
eq 14c and/or 15 (Figure 4).

Variation of the Cpl Part in the Irradiation Light. If the ir-
radiation source does not give pure cpl the differential equa-
tions have to be modified, e.g., for cg(2):

dcr/dt = —1000 &,[Io™'e,G(Aa) + To'exrG (Aa*)]cr(2)
We define a cpl part v of total intensity /o
Io%P' = v1 and I = (1 =)o
With G(A4.*) ~ G(A4,) we obtain
dcr = —Blex — v(84/2)]cr(7)dT
des = —Bleq + v(8a/2)]cs(7)dT

By variation of + the value of x can be varied, too (see Figure
2).

The integrated Ry-7 and 8, -7 functions give equations like
13 and 14a, the right-hand side being multiplied by v. If eq
12a-c are used, v enters x = (€5 + ¥(8a/2))/(€a — 7(8a/2))
and the right sides of (eq 12a-c¢) are multiplied by v. So v

300 ] 350 Anm)

-

Figure 5. OD and CD spectra (dotted line) of the spiropyrazoline I (2C,
=3.1X10"3mol .7").

enters the results as v/, which makes small deviations of pure
cpl uncritical.

Experimental Section

Materials, Spectra, Irradiation. The spiropyrazoline 1 was syn-
thesized by Schneider.!? Solvent was n-hexane (Merck-Uvasol).

OD spectra have been taken with a ZEISS DMR 10 spectropho-
tometer, CD spectra with a Cary 60 spectropolarimeter with CD at-
tachment 6002. The OD measurements at fixed wavelengths were
taken with a ZEISS PM QII spectrophotometer.

The irradiation set-up consisted of a XBO 450-W Xenon high-
pressure source (OSRAM), a grating monochromator (Bausch &
Lomb 33-86-79), a linear polarizer (Halle), a Fresnel parallelepiped
(Karl Lambert), and a 10-mm ORD cuvette,

The irradiation wavelength was at 345 (£7) nm (maximum of the
n ~—> 7* band), the cpl part v of the radiation was 90%, which was
determined by an additional rotable linear polarizer of the same make
as the linear polarizer (Halle), combined with a semiconductor pho-
toelement (Siemens BPY 11).

This combination was placed in the irradiation set-up instead of the
cuvette. The maximal and minimal reading of a galvanometer due to
rotation of the second linear polarizer gives the circularity

_ minimal intensity
maximal intensity

We also used a cutoff filter and a A/4 device (365 nm) for polarizing
the irradiating light. The polarizing effect of the A/4 plate is strongly
wavelength dependent and the one we have is rather inefficient at the
wavelength of the n — #* band, so accumulation is small. Moreover
with broad band irradiation and a A/4 device, circularity changes over
the absorption band. Mean circularities have to be calculated, which
are not too reliable. The curves for 13, 7, and 4% cpl in Figure 2 are
of this sort. A Fresnel parallelepiped is strongly recommended.

Results and Evaluation

A cpl photolysis experiment (o = 345 nm) with the total
concentration of racemic spiropyrazoline I of 2Co = 3.20 X
103 mol 1.7! has been evaluated; €345 555 mol~! cm2. Typical
OD spectra during irradiation with cpl and the CD spectrum
of maximal amplitude of a cpl-irradiated solution are presented
in Figure 5.'° Isosbestic points2© as well as the linear absorb-
ance diagrams?! (Figure 6) indicate a simple photoreaction.
Comparison of CD and OD spectra reveal that the photo-
product II, which has an n — =* band with maximum at 321
nm, is not optically active on the scale of I.

To determine [6]345 we used the 0345 values and the 4145,
A3so, and A3ss values at identical irradiation times. The ab-
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Table I.

[8]34s,

Equation 0,345, deg

deg cm? dmol !

Aezqs = 0345
mol~! cm? g345 x

12a 2.822

12b 2.806

12¢ 2.788

Average 2.805
(12a-c)

13 2.989

Total 2.851
average

176 000
175 000
174 000
175 000

186 000
178 000

53.33
53.03
53.73
53.03

0.096
0.096
0.095
0.096

1.090
1.090
1.090
1.090

56.36
53.86

0.102 1.096
0.097 1.091

Aus(t)

A=320nm B0rm

05

A
=1920 min 7\(“

0 08 1 18

Figure 6, Absorbance diagram of the photoreaction.

sorbance diagram shows that the photoproducts do not absorb
at o = 345 nm and A = 350 nm, since 4,(r — @) = 0. Soeq
15 can be evaluated to determine B.

Integration of the G(A345)-¢ function (eq 1b) using the
trapezoid approximation gives the r coordinate of the other
figures. In Figure 1, which shows the 8345 values as a function
of 7, the axis of irradiation time ¢ is given for comparison and
demonstration of the large difference between 2t max and 27max.
Figure 4 is a plot of eq 15 for the determination of B. This
constant has been determined also from plots of eq 14b and c.
The average value is B = (3.59 £ 0.06) X 10~¢ mol cm™2
min~'. With this value the data of the straight line of Figure
3 are calculated. From the slope we obtain g 345 \/§ = 2.836°
and with v = 0.90 we calculate 8y 345 = 2.989°.

The simpler evaluation according to eq 12b gives with
0345(tmax) = 0.0994° and R345(tmax) = 0.412 the value of 85345
= 2.806°. By use of eq 12a with 0345(27max) = 0.081°, the
value of 6345 = 2.822°. From eq 12¢ we calculate with the
measured value Ri4s(27max) = 0.215 8p.345 = 2.479°. This
value is considerably at variance from the others. The reason
is that the measured data of Ry in Figure 4 deviate systemat-
ically from the straight line for long irradiation times (2 10 h).
This can be attributed to solvent evaporation as a major factor
(CD cuvettes have to have a pressure release). Correction of
the Rx(27max) to the straight line gives Rx(27max) = 0.17 and
with this value 6p 345 = 2.788°.

The accuracy of the g4 values from eq 12a-c depends on
the quality of determination of #max. Variation of ¢ 5., between
570 £ 30 min gives changes in g 345 of £3% (eq 12a,b) and
+5.6% (eq 12¢).

The results for different evaluation procedures are accu-
mulated and averaged in Table L.

The values of [0]345 according to eq 12 and 13 differ £5%
from the total average. The evaluation procedures and, ac-
cordingly, the errors are quite different. Whereas eq 12 uses
the prominent points and the errors depend on the accuracy
of the experimental determination of ¢ ., the errorsineq 13
produced by the double integration, which is performed
graphically, add to the experimental errors.

As the anisotropy factor is high (g = 0.1), the accumulation
at tmax is 1.7% of the starting material. The optical purity is:
at tmax = 4.3% and at 27max = 8.4%. At I'max the destruction
of the spirane Tis [1 — Ry(f1ax)] 100 = 59%,' at 27, 83%.

The spiropyrazoline I has a very high optical activity. This
is probably due to the n-= orbital overlap of the two cis-azo
groups. A spectroscopic investigation is under way.

In many laboratories where the referred polarizing unit we
employed is not available, circularly polarizing sheets are used.
These usually have a ¥ well below unity. v can be determined
if the sheet is transparent at 345 nm by use of I as a cpl acti-
nometer. As the alignment of a polarizing unit as ours is
somewhat critical, the calibration of a cpl irradiation set up
by an actinometer is advisable, too.
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