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Figure 2. Symbolic representation of nickel inversion (horizontal transi-
tions) and of substituent inversions (vertical) in 5: diastereomerizations
(—) and enantiomerizations (->).

metry reasons, only one signal (a) is expected for each of the
three homotopic pairs O, O, and 9 (o-methyl groups). The
central chirality at nickel will be labeled R and S in 8, its
configuration is R.” Both bidentate ligands of §/8 possess axial
chirality and S configuration.** Hence 8 may be denoted at
S RS. Its mirror image is 13 with RSR configuration.

If only the front tolyl group rotates by 180°, the ligand
chirality changes to R, producing a totally asymmetric!! (Cy)
isomer 10 (RRS). Therefore, structurally equivalent sub-
stituents are diastereotopic and may have different NMR
signals b and ¢. Further rotation of the rear tolyl group leads
to the third diastereomer 12 (R RR with shifts d). When the
rear ligand of 8 is rotated as a whole, only the nickel configu-
ration will be inverted to the diastereomer 9 (§'SS). The same
rotation in 10 to yield 11 constitutes an enantiomerization.

Consequently, up to four NMR signals a-d (b and ¢ must
be equally intense) are expected. As shown in the lower part
of Figure 1, we detected all four methyl absorptions (d) at
—20, =60, —105, and — 135 Hz upfield from Me,Si (60 MHz).
Intensities were close to a molar ratio 1:2:1 for (8 + 13):(10
+ 11):(9 + 12). Signal coalescences yielded AGF = 17.7
kcal/mol (380 K in tetralin), corresponding to easier tolyl
rotation in § than in 4.

Whereas chiral tetrahedral complexes are known of tran-
sition metals with four different ligands!Z and with bidentate
ligands,!3:'4 compounds la and 2-5 appear to be the first
clear-cut examples of the paramagnetic, open-shell
type.8:10.14.15 Chirality is normally not preserved even with
similar ligands.®-19.14 The nickel in an O,N,-tetrahedron could
only be forced into stable chirality by a nonracemizing ligand
cage® or by the bulky adamantyl substituent.!? It is, however,
quite possible that more examples of chirality went unrecog-
nized.!3-22

The old explanation of signal splitting by some conforma-
tional preference of the N-aryl substituents (but rapid nickel
inversion) is vitiated by the NCHj3 groups of 3 and also in-
compatible with 1a, 2, 4, and 5. Such conformations should
relax after one nickel inversion to produce the enantiomer and
hence coalescence. Furthermore, N-phenyl rotation in 5 is quite
fast with AGT = 13.1 kcal/mol (253 K).

We intend to report on additional chiral complexes, on the
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reasons for their rigidity, and on the mechanism of inversion
in due course.
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New Chemiluminescent Reaction Systems. Light
Formation from the Reaction of a Vicinal
Diacid Chloride

Sir:

We wish to report the observation of a new, remarkably
efficient, chemiluminescent processes.! It was found that
3,6-diphenyl-3,5-cyclohexadiene-1,2-trans-dicarboxy¥ic acid
chloride (1) reacts with diisopropylethylamine (DIEA) and
hydrogen peroxide in THF to produce an easily detected
emission of light from the singlet state (1LA) of p-terphenyl
(2).2-* This reaction represents one of the most energetic or-
ganic chemiluminescent systems and one of the first examples

h O h Ph O
Cl DIEA OH
Cl Ho, + og * €O,
Ph O h h O
1 2 3
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Figure 1. Fluorescence and chemiluminescence emission spectra of p-
terphenyl in THF: A, p-terphenyl; B, p-terphenyl and 5 X 107 M 15 C,
p-terphenyl and 5 X 1073 M 1; D, p-terphenyl and 1 X 1074 M 1; E,
chemiluminescence of 1,4 X 1073 M.

of the direct chemical formation of a hydrocarbon w~m* ex-
cited singlet state.!

The reaction of 1 with DIEA and H,O, was conveniently
followed by UV spectroscopy or by the chemiluminescent
emission. In the former, both the depletion of the starting
material (1) and appearance of product (2) was observed and
found to be related by an isosbestic point at 300 nm. The rate
of the chemiluminescent emission intensity decay was con-
sistent with the observed rate of formation of 2 under similar
reaction conditions. Analysis of the product mixture revealed
2, trans-diacid 3, and CO; (eq 1). The relative yields of 2, 3,
and CO; were dependent upon the reaction conditions. Typi-
cally, with stoichiometric concentrations, the yields of 2 and
CO; were ca. 65%.

The chemiluminescent emission spectrum observed during
the reaction of 1 was broad and structureless with an apparent
maximum at ca. 390 nm. Analysis of the spectrum was com-
plicated because the absorption spectrum of the starting ma-
terial (1) overlapped the emission spectrum. However, the
spectrum could be synthesized by the superposition of the p-
terphenyl emission spectrum on the absorption spectrum of 1
(Figure 1). Inclusion of an energy accepting fluorophore such
as perylene, 9,10-diphenylanthracene, or rubrene in the re-
action solution resulted in a large increase in chemiluminescent
intensity and a shift of the emission spectrum to that of the
added fluorophore. The rate of the chemiluminescent reaction
was independent of both the particular fluorophore and its
concentration over a 100-fold range.’ Thus, the energy transfer
to the fluorophore must occur subsequent to the chemical
formation of the electronically excited state.

The lifetime (7) of the excited state responsible for the
chemiluminescence was determined by measuring the total
chemiluminescent intensity as a function of added acceptor
molecule concentration.® A reciprocal plot of light intensity
against concentration of acceptor is shown in Figure 2 for
perylene. The ratio of the intercept to the slope of this plot is
related to the lifetime of the initially formed excited state
by

intercept/slope = ke, 7 (2)

where k., is the rate of energy transfer to the perylene. With
the assumption of diffusion-limited energy transfer, a lifetime

REL I

_1 -2
fper) ¥ 10

Figure 2. Reciprocal plot to determine lifetime of chemically formed ex-
cited singlet state with perylene as acceptor.

of 3 &+ 2 ns was calculated for the chemically formed excited
state.” The singlet lifetime of p-terphenyl is reported to be ca.
1-2 ns.® Thus, the combination of spectral and lifetime data
permits the tentative conclusion that p-terphenyl excited sin-
glet is formed during the reaction of 1.

Attempts were made to detect the presence of singlet oxygen
in the reaction mixture as a precursor to the excited state p-
terphenyl. Inclusion of 0.1 M tetramethylethylene (TME) in
the reaction solution did not change the rate of the chemilu-
minescent reaction nor did it change the quantity of light
formed. Furthermore, it was not possible to detect any 2,3-
dimethyl-3-hydroperoxy-1-butene, the “ene” reaction product
of TME and singlet oxygen, among the products of the reaction
to an extent greater than 0,1%.° 1,3-Diphenylisobenzofuran
(DPIBF) is one of the most efficient singlet oxygen acceptors
known.'? Addition of DPIBF to the reaction mixture resulted
in the observation of DPIBF fluorescence. The rate of the
chemiluminescent reaction with this fluorophore was the same,
within experimental error, as when the other fluorophores were
used. If singlet oxygen were a precursor to excited p-terphenyl,
then DPIBF would have quenched the chemiluminescence.

Estimates of the yield of chemically formed singlet excited
states from the reaction of 1 were made by several techniques.
Qualitatively, the light formed from 2 mg of 1in 5 ml of THF
is bright enough to be easily seen in a darkened room for 10
min. The total light emission of 1 with perylene as acceptor was
compared to the light emission from bis(2,4-dinitrophenyl)
oxalate under similar conditions.!! Extrapolation of the in-
tensity data to infinite perylene concentration (¢ = 1.0) gave
a total yield of excited p-terphenyl singlet of ca. 1.5 + 1%. A
second method for estimating the yield of chemically formed
excited singlet states measures the emission intensity from the
reaction of 1 in the presence of DPIBF with a standardized
photomultiplier tube through a rhodamine B quantum coun-
ter.!2 After correction for inefficiency in the energy transfer
step, a yield of excited p-terphenyl singlet of 3 £ 1% was cal-
culated. Thus excited singlet state production during the re-
action of 1 appears to occur with moderate efficiency.

Detection and quantification of chemically formed triplet
p-terphenyl was also carried out. Fluorescein and its derivatives
have been shown to be efficient acceptors for long range triplet
to singlet energy transfer from both aromatic and carbonyl
donors.!? The fluorescence of added tetrabromofluorescein
(TBF) was observed during the reaction of 1. A plot of the
reciprocal of the TBF fluorescence intensity against the re-
ciprocal of the TBF concentration was linear. The ratio of the
slope to the intercept of this plot indicated interception of an
excited state with a lifetime of 0.2 & 0.12 us.'4 We surmise that
this long lived transient is the triplet excited state of p-ter-
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phenyl. The yield of triplet p-terphenyl was estimated by
comparing the sensitized TBF fluorescence intensity at ex-
trapolated infinite TBF concentration from 1 and from
tetramethyldioxetane (TMD) under similar reaction condi-
tions. This analysis indicated that 35 £ 10% of the 1 that is
consumed becomes a p-terphenyl triplet.!s Correction of the
total yield of excited states for the chemical yield of p-terphenyl
leads to the conclusion that ca. 60% of the p-terphenyl formed
in the reaction of 1 is produced in an electronically exicted
state. This system, therefore, represents one of the most effi-
cient chemielectronic reactions yet discovered.

The reasonable mechanisms for this chemiluminescent re-
action involve at least one intermediate. A reasonable candi-
date for the intermediate immediately preceding formation
of the excited state is the cyclic diacyl peroxide 4. Rear-
rangement of 4 to p-terphenyl and carbon dioxide is exother-
mic by ca. 85 kcal/mol.!” The lowest excited singlet state of
p-terphenyl is 90 kcal/mol above the ground state.'® Thus,
fragmentation of 4 almost certainly produces sufficient energy
to form the observed excited states.'® This fragmentation may
occur by either a stepwise mechanism through a biradical or
by a concerted bond cleavage. If concerted, the symmetry
“allowed” 25 + 25 + 2, path would generate an unlikely trans
bond in the central benzene ring of 2. Alternatively, the “for-

Ph O Ph 0O
H,0, OOH (6]
—_— —_— |
DIEA Cl 0}
h O h O
4

bidden” 2, + 2, + 2, path would be sterically permitted. This
path is predicted to lead directly to an electronically excited
state of 2.21 In any event, the large exothermicity of this re-
arrangement may be the key factor in promoting the efficient
formation of electronically excited states. Further experimental
work is aimed at the conclusive identification of the reactive
intermediate and elucidation of the mechanism for this inter-
esting chemiluminescent reaction.
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The Role of Water on the Photoactivity of Chlorophyll a.
In Vitro Experimental Characterization of the PSI Light
Reaction in Photosynthesis!

Sir:
Recent experimental studies in this laboratory have been

concerned with the preparation” and characterization? of the
P700 chlorophyll a monohydrate dimer (Chl a-H;0); after the
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proposed model for the photosystem I reaction center in plant
photosynthesis.# It is believed* that a singlet-triplet upcon-
version interaction®-7 in (Chl a-H,0); brings about a tauto-
meric proton shift that results in the creation of a symmetrical
charge transfer state* (B). The observation®® of positive
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