116 Acc. Chem. Res. 1981, 14, 116-122

es.%839 A phosphine derivative of one of the rhenate
monoanions, Li[fac-(OC);(PPhj)(Br)Re(CH;CO)], was
reported recently.* When Li[BEt;H] is used in place
of CH;Li, the halorhenate formyl complexes, Li[cis-
(0C)4(X)Re(HCO)] (X = Cl, Br, I), are formed.34142

It is interesting that the methyllithium adds to the
carbonyl ligands rather than displace the halide ligand
under these conditions. Also, the iodo biscarbenoid
complex fac-(OC)3(I)Re[C(CH3)(OH)], decomposes in
solution at room temperature with elimination of ac-
etaldehyde.?

Recent Results and Future Directions of
Research

When the ferra-g-diketonate complex [9-Cs;H;(0C)-
Fe(CH;CO)(Me,HCCO)]BF, (Figure 2) is treated with
a stoichiometric amount of KH, a proton of the acetyl
group is removed, affording an anionic complex in es-
sentially quantitative yield.# This anion has the mo-
lecular formula {[#-C;H;(OC)Fe(CH,CO)-
(Me,HCCO)]BF,}, although an X-ray structure of the
Me, N7 salt reveals that C—C bond formation has oc-
curred between the original acyl carbon atoms. These
two carbon atoms and the exo-methylene carbon atom
coordinate to the n-CsH;(OC)Fe moiety as a substituted
n-allyl ligand, as shown in eq 20.

This interligand C—C bond formation represents a
transannular coupling across the six-membered met-
alla-8-diketonate ring and also demonstrates C-C bond
formation between adjacent acyl ligands prior to a
formal reductive elimination. Cleavage of the Fe and
boron moieties may afford glycol or acyloin products.
Such interligand coupling reactions are relevant to
stoichiometric and catalytic reaction chemistry which
occurs at metal atoms.

(38) Noack, K.; Calderazzo, F. J. Organometal. Chem. 1967, 10, 101.

(39) Moss, J. R.; Green, M,; Stone, F. G. A. J. Chem. Soc., Dalton
Trans. 1973, 975.

(40) Parker, D. W.; Marsi, M.; Gladysz, J. A. J. Organometal. Chem.
1980, 194, C1.

(41) The bromo analog has been prepared by others.*?

(42) Gladysz, J. A. Aldrichim. Acta 1979, 12, 13.

(43) Lukehart, C. M.; Srinivasan, K. J. Am. Chem. Soc., accepted for
publication.
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Future research goals include (1) effecting dicon-
densation reactions to give unsaturated metalla heter-
ocyclic molecules, (2) preparing metalla derivatives of
amino acids, peptides, and other biologically important
amines, and (3) investigating the generality and syn-
thetic utility of the transannular C-C bond formation
in the a-enolate anions of metalla-3-diketonate mole-
cules. We believe that additional new classes of or-
ganometallic compounds will be prepared from designed
synthetic methods by utilizing metalla-3-diketone
chemistry. The metalla-8-diketones provide an entry
into areas of chemistry which are not easily accessible
when using more classical transition metal organo-
metallic synthetic methods.
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The paramagnetism of free radicals has always pro-
vided an attractive method for detecting them in the
presence of molecules which lack unpaired electronic
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angular momentum. Historically, electron paramag-
netic resonance (EPR) has been the favored technique,
and for a simple free radical trapped in a solid, a steady
magnetic field of strength H causes a level with net
electron spin S to split into (2S + 1) components with
energy g8M.H, where g = 2.00232 and 3 is the Bohr
magneton (=0.04669 cm™ /kG). Transitions between
these components with AM, = %1 are induced by the
interaction between the magnetic dipole of the electron
and the magnetic vector of the microwave radiation

© 1981 American Chemical Society
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Figure 1. Comparison of the EPR spectrum of the ground state
of HO (*I13/5) with the LMR spectrum observed with the 118.6-um
line of the H,0 laser. Parallel transitions have AM; = 0; per-
pendicular transitions have AM; = x1.

used; this is some 10* times weaker than for electric
dipole transitions in the rotational spectra of polar
molecules. For enhancement of its sensitivity, EPR is
normally studied at a fixed frequency in a resonant
cavity and the magnetic field is varied to obtain reso-
nance as is done in laser magnetic resonance spectros-
copy (LMR).

When one goes from a condensed phase into the gas
phase the much smaller total density of particles and
the high reactivities of many interesting free radicals
limit the concentrations which can be achieved. Fur-
thermore, the gas-phase EPR spectrum is observed as
a transition between the Zeeman components of a low
rotational level for the radical whose fractional popu-
lation may be as low as 1% or 0.1% at room tempera-
ture. However, many linear free radicals have electronic
angular momentum about the molecular axis which
interacts with the nuclear rotation to give pairs of levels
of opposite parity (A doubling); their presence gives rise
to much stronger electric dipole allowed transitions in
the EPR spectrum. This is illustrated for the lowest
(J = 3/,) level of a %I/, state in Figure 1. OH, SH,
Cl10, BrO, CF, and NCO are examples of radicals with
1 gr(iund states which have been detected by gas-phase
EPR.

This diagram applies in Hund'’s coupling case (a),
which includes the paramagnetic 'A states of PH, SO,

(1) Carrington, A. “Microwave Spectroscopy of Free Radicals”; Aca-
demic Press: New York, 1974.
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O,, and NF. Figure 1 also shows how the LMR spec-
trum arises as a transition between low-lying rotational
levels. Here the Zeeman energies are approximately
g18M;H, with g; ~ 0.80 and 0.34 for J = 3/, and J =
3/4 levels of a 21, /2 state.? Tuning ranges approaching
1 cm™ can be achieved with a conventional 20-kG
electromagnet.

For many interesting free radicals, such rotational
transitions lie in the far-infrared between 20 and 200
cm™! (500-50 um). There the larger values of the ab-
sorption coefficient and the greater difference between
the Boltzmann populations of the levels give a 100-fold
increase in sensitivity as compared with gas-phase EPR
or conventional microwave spectroscopy.® In this re-
gion, there are many molecular gas lasers which provide
convenient monochromatic sources of a precisely known
frequency. For LMR spectroscopy, the laser is chosen
to have a frequency close to a rotational transition of
a free radical, and individual Zeeman components of
the transition are brought into resonance with the laser
by applying a strong magnetic field.

Figure 2 shows a typical apparatus based on a water
vapor discharge laser.? Free radicals are produced in
a discharge flow system, commonly by using fluorine
atoms to abstract hydrogen from the parent molecule.
This system is isolated from the discharge laser by a
thin polyethylene Brewster angle window, rotation of
which aligns the electric vector of the laser radiation
parallel or perpendicular to the magnetic field giving
different selection rules for the observed transitions
(AM; = 0 or %1, respectively). As in EPR, sinusoidal
modulation is applied to the magnetic field which is
slowly swept through the resonances, and the spectra
are displayed in differential form. Detection within the
cavity gives a 100-fold increase in sensitivity compared
with conventional spectroscopy. When a germanium
bolometer at 1.5 K is used to detect the dip in laser
power at resonance, detection sensitivities better than
107 em™ for HO and 10° cm ™ for HO, can be achieved,
their difference stemming largely from the very dif-
ferent rotational partition functions. The discharge
laser illustrated in Figure 2 only provides about 10 lines,
which provide coverage of only a fraction of the rota-
tional spectrum. This difficulty can be overcome by
replacing the discharge section by a far-infrared mo-
lecular laser containing, for instance CH;OH, CH;NH,,
HCOOH, or CH,F, at a pressure of about 50 mtorr.
This is made to lase on a rotational transition by
pumping a vibration—rotation line with an external CW
CO, laser.> Such lasers provide over 500 lines between
10 and 200 cm™ whose frequency can be determined®
to about 1 part in 107,

LMR Spectroscopy of Free Radicals

A molecule with electronic orbital angular momentum
was chosen to compare LMR with gas-phase EPR be-
cause such species show strong spectra in both regions.

(2) Herzberg, G. “Spectra of Diatomic Molecules”; Van Nostrand, New
York, 1950; p 300.

(3) Evenson, K. M,; Saykally, R. J.; Curl, R. F.; Brown, J. M. “Yamada
Conference III, Free Radicals”; Association for Science Documents In-
formation, 1979; p 159.

(4) Wells, J. S.; Evenson, K. M. Rev. Sci. Instrum. 1970, 41, 227.

(5) Radford, H. E.; Litvak, M. M. Chem. Phys. Lett. 1975, 34, 561.

(8) Knight, D. J. E. National Physical Laboratory Report No. QU45,
Teddington, England, 1979.

(7) Hougen, J. T. J. Mol. Spectrosc. 1975, 54, 447.
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Figure 2. Laser magnetic resonance spectrometer based on far-infrared discharge laser.?

However, the majority of gaseous free radicals, including
almost all the nonlinear polyatomics, have no electronic
orbital angular momentum. For such species, the
Zeeman effect is comparatively simple if the molecule
has only a single unpaired electron.” In the absence of
an applied field, the spin-rotation interaction splits
each level with quantum number N for nuclear rotation
into two components, J = N % 1/,, their splitting being
¥(N + 1/,), where v is the spin-rotation interaction
constant. The applied field splits each level into (2
+ 1) components which are best described in terms of
the quantum number M; = My + M,. Eventually, at
high fields the electron spin becomes largely uncoupled
from the molecular rotation and aligned with or against
the applied field (Paschen-Back effect), giving lines of
slope 6E/6H = g8M,, where M, = £1/,, as in Figure 3.
When the selection rules AM; = 0, £ 1 are applied to
a transition between two such rotational levels whose
spacing is close to a laser line, it can be seen from this
figure that the LMR spectrum consists of regular
branches (Figure 4) from the spacing and intensity of
which it is often possible to establish individual values
of M; and hence identify the rotational transition.

For molecules like NH, which have strong spin-ro-
tation interaction, tuning ranges approaching 1 cm™ can
be achieved, but, if the spin-rotation coupling is weak,
the Paschen—Back effect takes over at low fields and
the rapidly tuning transitions between Zeeman com-
ponents with opposite slope are forbidden for electric-
dipole radiation by the selection rule AM, = 0. Under
these conditions, the tuning range is narrow, LMR
spectra are observed only at low magnetic fields, and
many laser lines are needed to detect enough rotational
transitions.

For light free radicals it is therefore possible to ob-
serve sufficient rotational transitions to determine the
rotation, distortion, and spin-rotation constants to high
precision as well as the nuclear hyperfine interaction
parameters. The last are of particular interest because
both isotropic and anisotropic constants are obtained
free from matrix effects. Figure 5 shows the hyperfine
structure for two rotational transitions of NH, which
contains two equivalent protons. The transition be-
tween ortho levels shows proton hyperfine splitting
which is absent for the para levels. From these and
particularly from the N splittings, it can be shown that
the unpaired electron is almost exclusively in a 2p or-

bital on the nitrogen atom with its axis perpendicular
to the molecular plane. A total of 17 rotational tran-
sitions have been observed for NH, using 15 different
laser lines.! The parameters derived from these mea-
surements compare in range and accuracy with those
obtained from electronic absorption spectroscopy and
microwave optical double resonance. However, the
optical spectra of such important species as CH;0 and
HO, have not been or cannot be fully resolved, and for
these species the geometrical parameters have to be
derived from LMR spectra.®!?

LMR spectroscopy can also be carried out in the in-
frared by using the many lines of the various isotopic
CO, lasers between 9 and 11 um or CO lasers around
5 um. Vibration-rotation spectra of a number of free
radicals have been detected in this way, notably by
groups at N.R.C., Ottawa, Institute of Molecular Sci-
ences, Okazaki, and Southampton University. However
such spectra are difficult to analyze without information
from other regions of the spectrum.

Kinetic Studies by LMR

In addition to the structural information which it
provides about free radicals, its high sensitivity makes
LMR spectroscopy a powerful method for studying
free-radical reactions in the gas phase. The technique
is at its most sensitive for total pressures below 1 torr
where the line width is governed by Doppler broaden-
ing; direct measurements are effectively limited to total
pressures below 10 torr by collisional line broadening.™
This pressure range and the experimental arrangement
lend themselves to the use of discharge-flow systems in
which reactants are added to fast flowing gases at dif-
ferent distances (reaction times) from a fixed observa-
tion region although pyrolytic and photochemical
sources of free radicals could also be used. In LMR
spectroscopy there is an accurately linear relation over
two or three orders of magnitude between the concen-
tration of a species and the peak height of its spectrum
(which is normally displayed in first or second deriva-
tive form). Although it is not difficult to calculate ab-

(8) Davies, P. B.; Russell, D. K.; Thrush, B. A.; Radford, H. E. Proc.
R. Soc. London, Ser. A 1977, 353, 299.

(9) Radford, H. E.; Russell, D. K. J. Chem. Phys. 1977, 66, 2233,

(10) Hougen, J. T\; Radford, H. E.; Evenson, K. M.; Howard, C. J. J.
Mol. Spectrosc. 1970, 56, 210.

(11) Burrows, J. P,; Cliff, D. L.; Davies, P. B.; Harris, G. W.; Thrush,
B. A.; Wilkinson, J. P. T. Chem. Phys. Lett. 1979, 65, 197.
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Figure 3. Zeeman splitting of two rotational levels of NH,. The
vertical lines show LMR transitions observed with the 108-um
D,0 laser line (Figure 4). Parallel transitions (AMj = 0) are shown
as broken lines; perpendicular transitions (AM; = +1) as solid
lines.

solute line strengths which depend on the square of the
electric dipole moment of the species, the use of these
to convert observed peak heights into radical concen-
trations involves so many instrumental parameters that
calibrations are normally made by chemical methods
using stoichiometric reactions such as

H + NO, — NO + HO 1)

The first application of LMR to chemical kinetics was
studies of the reactions of HO radicals by Howard and

LMR Spectroscopy and Atmospheric Chemistry 119
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Figure 4. Laser magnetic resonance spectrum of NH, with
108-um D,0 laser line. Note the clear formation of branches in
both the parallel (}]) and perpendicular (L) spectra.

Evenson.!? Subsequently their work and ours have
concentrated on reactions of HO, which are important
in atmospheric chemistry. Because of the weakness and
inaccessibility of its near-infrared spectrum, the only
other spectroscopic method commonly used to study
reactions of HO, involves its featureless UV absorption
between 200 and 230 nm which it shares with other
peroxy compounds.

Applications to Atmospheric Chemistry

Recently, interest in laboratory studies of the reac-
tions of several free atoms and free radicals has been
stimulated by the need to make accurate predictions
of the effect on ozone of nitrogen oxides (NO, NO,)
released directly into the stratosphere by high-flying
aircraft and of chlorine species (Cl, C10) formed there
by the decomposition primarily of the chlorofluoro-
methanes [CFCl; (F-11); CF4Cl, (F-12)] used as aerosol
propellants, refrigerants, and foam-blowing agents.?

In the stratosphere, ozone is generated by the pho-
tolysis of oxygen (eq 2 and 3). Ozone itself is rapidly

O, +hr(A<242nm)—0+0 2
photolyzed by visible and ultraviolet light, but this

(12) Howard, C. J.; Evenson, K. M. J. Chem. Phys. 1974, 61, 1943.
(13) “Halocarbons: Effects on Stratospheric Ozone” National Aca-
demy of Sciences, Washington, DC, 1976.
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Figure 5. Hyperfine structure in the rotational transitions of
NH,; observed at 312 um. Both spectra show “N hyperfine
splitting. The lower spectrum involving the “ortho” levels Oy —
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merely regenerates the atomic oxygen from which ozone
is formed (eq 4), and reactions 3 and 4 set up a steady

O;+hr—0,+0 (4)

state between the two forms of “odd oxygen”, O and O;.
In a pure oxygen atmosphere, odd oxygen would be
removed only by the relatively slow reaction

0+0;—~0,+0, (%)

In the stratosphere, reaction 5 only accounts for about
20% of the odd oxygen removal. The overall chemistry
of the stratosphere is extremely complex, but the re-
mainder of the odd oxygen (ozone) destruction can be
regarded as arising from catalytic cycles of the form

X0+0—-X+0, 6)
X+0;,—X0+0, (7

in which reaction 6 can be regarded as the rate-deter-
mining process in forming the new 0-O bond!*. Such
cycles have been recognized for X = NO, Cl, H, and HO,
and Figures 6 and 7 illustrate the main processes in-
volved for X = NO derived from natural sources and
for X = Cl from chlorofluoromethanes. In both cases
the HO radical plays a vital role, in one case converting
catalytically active NO and NO, to inactive HNQO; and
in the other converting inactive HCI into active Cl and

(14) Johnston, H. S. Annu. Rev. Phys. Chem, 1975, 26, 318.
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Cl0.* Thus HO plays an important role in all the odd
oxygen destruction cycles except reaction 5, but it has
not yet proved possible to measure its concentration in
the stratosphere at altitudes between 20 and 30 km
where ozone is densest.

Figure 8 shows the atmospheric behavior of the “odd
hydrogen” radicals H, HO, and HO, which are rapidly
interconverted, but only slowly removed by radical-
radical reactions. Knowledge of reaction rates for HO,
radicals is clearly essential to understanding the balance
between HO and HO, in the stratosphere and the rate
of removal of these species and hence the importance
of the various catalytic cycles which destroy ozone. This
is well illustrated by Figure 9, which shows the various
revisions of the estimates ozone depletion by nitrogen
oxides from the exhausts of large fleets of supersonic
aircraft.’® The large decreases in this estimate since
the end of the Climatic Impact Assessment Program in
1974 are associated with new measurements of reaction
rates involving HO,. The measurement by LMR of a
high rate coefficient (8.4 X 1072 cm= molecule s™!) for
the reaction!!’

HO, + NO — HO + NO, 8)
led to the surprising conclusion that additional nitrogen
oxides in the lower stratosphere might enhance strat-

ospheric ozone, notwithstanding the efficient catalytic
cycle.

NO + 03 — NO, + O, (10)

This arises because reaction 8 bypasses the odd ox-
ygen destruction cycles

HO, + 0 — HO + O, (11)
HO + 0, — HO, + O, (13)
0+0,—~0,+0, (11 + 13)
HO, + 0; — HO + 0, + O, (12)
HO + 0, — 0, + O, (13)

03+03_’02+02 (12+13)

and replaces them with a “null cycle” which does not
itself destroy odd oxygen.

HO; + NO — HO + NO, 8
NO; + hv —-NO+ O (14)
0+0,+M—-0;+M 3
HO + O3 — HO; + O, (13)

As Figures 6 and 7 show, HO radicals regenerate Cl
and CIO but remove NO and NO,. For this reason, the
corresponding estimates of eventual ozone depletion
due to continued release of F-11 and F-12 vary in the
opposite sense to the lines of Figure 9 but less strikingly
80. They rise from 10% to about 15% and then fall to
around 12%.

Partly because atmospheric modellers require precise
data on reactions which are not readily studied in the
laboratory and partly because the data are required over
the range of temperatures encountered in the strato-

(15) Broderick, A. J. J. Aircraft 1978, 15, 643.

(16) Howard, C. J.; Evenson, K. M. Geophys. Res. Lett. 1977, 4, 437.

(17) Burrows, J. P,; Cliff, D. I.; Harris, G. W.; Thrush, B. A.; Wilkin-
son, J. P. T. Proc. R. Soc. London, Ser. A 1978, 368, 463.



Vol. 14, 1981 LMR Spectroscopy and Atmospheric Chemistry 121
y dowh
\‘\io B e -
\_\SE// 02 M 2\’NO¢O S~ -
A v O O3 O}‘NO\. 2 ~ 20
gﬂ/?*“/ ¢ 0 002 Y, 0,02 o%y N2 0+0, == N0, =~ \/"’7)
0+ N0 —= NO %0,
2% o0 NO, H.m
E NE g o) 2\H 0
€ 0 ow u\ 3
QS?\A O\_lA\( ER Transport! _ Y / Sto

— - HNO Tl‘q "
< )gap'd T~ 7 oy
Irculation
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Figure 8. Summary of the main processes forming, intercon-

verting and removing the hydrogen radicals, H, HO, and HO,,
in the stratosphere.!”

sphere (200270 K), recent studies have yielded some
interesting points in chemical kinetics. The dispro-
portionation of HO and HO, radicals'® (eq 15) is a

HO + HO; — H,0 + O, (15)
ks = (5.1 £ 1.7) X 101! cm® molecule! 5!

hundred times faster than the corresponding reaction
of HO, radicals (eq 16). Recently, we have shown'® that

H02 + H02 - H202 + 02 (16)
this reaction becomes third order at low pressures due

to the intermediate formation of a short-lived H,0,
species which probably has the structure

’,,O—O\
H
~

H B
0—o0°

since pulse radiolysis studies® have shown that the
proton of HO, forms a strong hydrogen bond to H,0
and to NH;. Reaction 16 shows a negative temperature
coefficient, in contrast to the rate constant of the related
reaction (eq 17) which passes through a minimum near

CIO + HO, — HOC1 + O, amn

ambient temperature, suggesting that it has two paths,
an associative one, which predominates at low tem-
peratures, and a hydrogen abstraction, which becomes
important at elevated temperatures.?!

(18) Burrows, J. P.; Harris, G. W.; Thrush, B. A. Nature (London),
1977, 267, 233.

(19) Thrush, B. A.; Wilkinson, J. P. T. Chem. Phys. Lett. 1979, 66, 441.

(20) Hamilton, E. J.; Lii, R. R. Int. J. Chem. Kinet. 1979, 9, 875.

(21) Stimpfle, R. M.; Perry, R. A.; Howard, C. J. J. Chem. Phys. 1979,
71, 5183.
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Figure 9. Predicted ozone depletions for large fleets of Concordes
or proposed U.S. SST aircraft, corresponding to 17- and 20-km
altitude injection of nitrogen oxides, respectively. Top point
corresponds to the termination of the Climatic Impact Assessment
Program in 1974; successive lower points correspond to increased
understanding of atmospheric chemistry or new laboratory de-
termination of the rate coefficient for an atmospheric reaction;
lowest point corresponds to the situation in 1980.

HO, also undergoes a third-order combination reac-
tion with NO, to form pernitric acid (HO,NO,),” a
species which may have some importance in atmos-
pheric chemistry. In contrast, HO, + NO undergo the
bimolecular transfer reaction 8 which has a negative
temperature coefficient,? presumably because it pro-
ceeds via the intermediary of a vibrationally excited

(22) Howard, C. J. J. Chem. Phys. 1977, 67, 5258.
(23) Howard, C. J. J. Chem. Phys. 1979, 71, 2352.

pernitrous acid molecule (HO,NO). Interestingly, C10
shows exactly analogous behavior to HO; in these re-
actions, bringing to mind the similarities between the
reactions of Cl and HO which were noted by kineticists
many years ago.

The recent observation by Radford* that the F +
CH;0H reaction yields both CH;0 and CH,OH and
that the latter, which is thermodynamically the more
stable, reacts rapidly with O, to yield CH,O + HO,
whereas CH;O does not shows that we may expect
many interesting new applications of LMR spectroscopy
in chemical kinetics.

Conclusion

Because far fewer gaseous species have identifiable
UV spectra than have characteristic far-infrared or in-
frared spectra, the potential of these spectral regions
for both kinetic and structural studies is considerable.
The very narrow line widths of lasers and the possibility
of intracavity detection give LMR spectroscopy a much
higher sensitivity for free radicals than Fourier trans-
form infrared spectroscopy. This is particularly im-
portant for the application to the atmospheric reactions
discussed in this Account. Although tunable infrared
lasers have considerable potential for studies of this
sort, the problems of frequency measurements and
stability need to be solved for infrared lasers to become
as useful for gaseous species as laser magnetic resonance
spectroscopy.

This work owes much to the colleagues whose names appear
in the references and to generous support by Science Research
Council, The Royal Society, Chemical Manufacturers’ Associa-
tion, and Federal Aviation Administration.

(24) Radford, H. E. Chem. Phys. Lett. 1980, 71, 195.
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A thorough knowledge of the conformation of pro-
teins and biologically active peptides is necessary for
the understanding of their structure—activity relation-
ships and physicochemical properties.’?> The confor-
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mation of a peptide or a protein is determined by the
balance of the intramolecular noncovalent interactions
between the various groups in the amino acid sequence
as well as of interactions between these groups and the
surrounding solvent medium.? The biological activity
and functions of proteins depend mainly on the way the
molecule is folded, and in many cases conformational
changes appear to be the prerequisites for effective
biological action.*®

Experimental and theoretical investigations on model
peptides have been extremely useful in the interpreta-
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