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(8A4,/87\,)AN; = 81.9 kJ/mol. This value indicates that if the
GROMOs* atomic partial charges for the N-acetylserine N-
methylamide peptide are substituted by the atomic partial charges
in the AMBER’ potential, the free energy of N-acetylserine N-
methylamide in methanol is increased substantially. However,
an increase by approximately the same magnitude (3" (54, /6)\)AN,
= 78.5 kJ /mol) is found for the N-acetylthreonine N-methylamide
peptide when the AMBER? charges are used instead of the GRoMOs*
charges. The resulting AAA4 = 3 (8A4,/8M)AN, =3 (8A4,/5))AN,,
which reflects the response of the free energy difference AA to
the changes in the atomic partial charges A\, has a relatively small
value of 3.4 kJ/mol. This analysis indicates that cancellations
of errors can occur when the free energy difference between two
similar systems is calculated. The free energies 4, and 4, do not
change as much when the GROMOS* atomic partial charges for
the “dipeptides” are substituted by those in the OPLS® potential,
as suggested by 3 (8A4,/80)AN, = -16.9 kJ/mol and 3 (84,/
d\)AN; = 8.3 kJ/mol. These values indicate that the free energies
of the “dipeptides” are decreased when the OPLS® charges are used
for the “dipeptides” instead of the GROMOS? charges. The AAA
value now becomes —8.6 kJ/mol. One can use the variation of
AAA values obtained when different potentials (e.g., AMBER,’
OPLS®) are used for ¥, to estimate the uncertainty of a free energy
result (i.e., AA4).

The above example shows that one can use the SSAM to
estimate the uncertainty of a free energy difference (AA4) as a
result of the use of nonoptimal parameters in a potential energy
function. By analyzing the sensitivity coefficients, one can also
study how a small change in each parameter in a potential energy
function affects a free energy result. When larger A\/s are
involved, one can improve the estimate of AAA by including higher
order terms in the Taylor series expansion (eq 1). Extension to
include other potential parameters (e.g., Lennard-Jones param-
eters) is straightforward. To study the effects of changing potential
energy functional forms, the formalism can be generalized by using
functional calculus.
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Phenylcarbene (PC)* and phenylnitrene (PN)? are both reactive
intermediates which have triplet ground states and low-lying singlet
states. The triplet states are well characterized by low-temperature
matrix isolation spectroscopy.® Brauman and Drzaic determined
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that !PN is 4.3 kcal/mol higher in energy than PN.” The energy
gap in PC is not known but must be very small as the two states
rapidly interconvert.® Although !PC is readily intercepted by
external trapping reagents,* 'PN is not,’ apparently due to the
ease of ring expansion of the latter species to form a ketenimine
(KET), in solution at ambient temperature.’

o Q0 — O
PC PN KET

(Pentafluorophenyl)nitrene (2S, 2T, Scheme I) is also a
ground-state triplet species;®> however, the singlet-triplet energy
separation of this species remains undetermined. Banks discovered
that this nitrene undergoes intermolecular reactions in solution.!%!!
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Table I. Distribution of Products Formed on Photolysis of 1 in the Presence of Toluene at Ambient Temperature?

solvent 3 4-ortho 4-para 5 6
neat toluene (T)¢ 4.0 32 14 12 -
T¢ + BBP* 9.7 - - 26 5.7
7.1 M T, CH,Cl¥ 2.6 12 6.1 10 -
47 M T, CH,Cly¥ 2.0 10 7.2 8.2 -
33 M T, CH,Cly 2.0 9.6 6.0 10 -
24 M T, CH,Cly¥ 1.8 9.5 5.2 10 -
6.3 M T, CH;CH,I, 1P/ (0.5 M) - - - 64.5 -
6.3 M T, CH,CH,I, IP/# (0.133 M) - - - 57 -
47M T, CH;CH,l - - - 44 10
6.6 M T, CH,;(CH,);Br - 28 6 36 -
7.5 M T, CH;0H 18 24 8 19 -
5.6 M T, CH,OH 6 6 - 23 -
3.8 M T, CH,O0H - - 37 -
neat CH,;OH - -56 -

2 Absolute yields determined by GC. 29.4 M. €0.03 M 1. 90.0125 M 1. ¢0.01 M p-benzoylbiphenyl as triplet sensitizer. /Isoprene. £0.01 M 1.
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Figure 1. The transient absorption spectrum of either 28 or 7 (A =
385 nm) produced by LFP of 1in CH,Cl, at 20 °C. The spectrum was
recorded 400 ns after the laser pulse over a window of 500 ns. The
shoulder at 330 nm may be due to a small amount of triplet nitrene 2T.

Our earlier work indicated that 2S is surprisingly discriminating,
implying that it is a relatively long-lived intermediate.!? Herein
we report additional chemical and dynamical information which
indicates that 2S does not undergo intersystem crossing (ISC) at
an appreciable rate in solution, but that ISC can be catalyzed by
heavy atoms and by methanol.

Photolysis of 1 in neat toluene (9.4 M) produces formal insertion
adducts.!®™!2 Adduct 3 can be formed in principle from 28 or
2T, but adducts 4 (ortho and para isomers) are clearly derived
from capture of singlet nitrene 2S (Scheme I). Adducts 4-ortho
and 4-para are not formed upon triplet photosensitized decom-
position of 1 in toluene; instead the yields of benzylic insertion
adduct 3, pentafluoroaniline 5, and azo compound 6 are enhanced.
The absence of 6 in the mixture of products formed upon direct
photolysis of 1 indicates that very little 2T has been intercepted.
The modest yield of § produced by direct photolysis of 1 is
probably due to a small amount of triplet nitrene chemistry and
to photoreduction of 1* as in the case of the aroyl azides.!?
Dilution of toluene with the inert solvent CH,Cl, leads to little
change in the distribution of volatile products formed photo-
chemically, but to an increase in the yield of polymeric tar.!4 This
indicates that relaxation of 28 to the lower energy triplet state
2T is slow.)® However, dilution of toluene with CH,;CH,I or
CH,(CH,);Br dramatically alters the distribution of products
(Table I). Insertion adducts 3 and 4 are completely absent in
CH;CH,], even in the presence of isoprene, a quencher of putative

(11) Singlet (pentafluorophenyl)nitrene is known to undergo ring expan-
sion over platinum in the gas phase at 300 °C: Banks, R. E.; Venayak, N.
D. J. Chem. Soc., Chem. Comm. 1980, 900.

(12) Young, M. J. T.; Platz, M. S. Tetrahedron Lett. 1989, 30, 2199.

(13) (a) Autrey, T.; Schuster, G. B. J. Am. Chem. Soc. 1987, 109, 5814.
(b) Woelfle, I.; Sauerwein, B.; Autrey, T.; Schuster, G. B. Photochem. Pho-
tobiol. 1988, 47, 497. (c) Sigman, M. E.; Autrey, T.; Schuster, G. B. J. Am.
Chem. Soc. 1988, 110, 4297.

(14) Polymeric tar is likely formed in a reaction initiated by reaction of
ketenimine 7 with itself or with 1, as in the reaction of KET with parent phenyl
azide; see ref 9a.

(15) Jones, M., Jr.; Rettig, K. R. J. Am. Chem. Soc. 1965, 87, 4013.
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Figure 2. Transient absorption spectrum of 2T obtained by LFP of azide
1 in CH;0H at 20 °C. The spectrum was recorded over a window of
500 ns, taken 400 ns after the laser flash. The band at 370-390 nm may
contain contributions from both 28 and 2T.

triplet excited state *1*. This result indicates that the heavy-atom
effect!s is catalyzing ISC of singlet nitrene 2S, and not 1S* —
1T*, followed by extrusion of nitrogen to form 2T.

Amazingly CH;OH has the same effect on the product dis-
tribution as the heavy-atom cosolvents, implying that the alcohol
can also catalyze the ISC process. This interpretation is supported
by laser flash photolysis (LFP) experiments. LFP of 1 in CH,Cl,
produces a transient with A, ~ 385 nm (Figure 1) which is
attributed to either 28 or ketenimine 7.° This spectrum differs
from the matrix spectrum® of 2T but is similar to the spectrum
of KET produced by flash photolysis of phenyl azide.** The carrier
of the transient spectrum of Figure 1 is quenched by dimethyl
sulfide, a known scavenger of 2S. On the other hand, LFP of 1
in CH;OH produces a transient spectrum (Figure 2) which
contains the known matrix spectrum of 2T.%

How does methanol catalyze nitrene ISC? We speculate that
hydrogen bonding plays a key role, as ethers such as tetra-
hydrofuran!? and polar solvents such as acetonitrile do not catalyze
ISC in this system. Unlike carbenes, which are divalent and
undergo ISC with rates close to 1019 571,18 monovalent nitrenes
lack bending vibrations which can couple to and assist the ISC
process. It is convenient to think of the nitrene nitrogen as sp
hybridized. There is a doubly occupied nonbonding sp orbital
colinear with the C-N bond and two orthoganol pure p orbitals.
We speculate that hydrogen bonding to the two doubly occupied
nonbonding orbitals of the singlet nitrene provides low-frequency

(16) (a) McClure, D. S. J. Chem. Phys. 1949, 17, 905. (b) McGlynn, S.
P.; Azumi, T.; Kinoshita, M. Molecular Spectroscopy of the Triplet State;
Prentice-Hall Inc.: Englewood Cliffs, NJ, 1969; pp 183-284.

(17) Photolysis of 1 in toluene containing THF does not produce triplet-
derived products; instead, an adduct of 2S with THF is formed. LFP of 1in
acetonitrile produces 28S; the results are included as supplementary material.

(18) (a) Sitzmann, E. V.; Langan, J.; Eisenthal, K. B. J. 4m. Chem. Soc.
1984, 106, 1868. (b) Sitzmann, E. V.; Eisenthal, K. B. Applications of
Picosecond Spectroscopy to Chemistry; Reidel: Dordrecht, 1984; p 41. (c)
Grasse, P. B.; Brauer, B.-E.; Zupancic, J. J.; Kaufmann, K. J.; Schuster, G.
B. J. Am. Chem. Soc. 1983, 105, 6833.
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bending modes and can thereby catalyze the ISC process. Al-
ternatively methanol may preferentially stabilize the singlet state
of the nitrene which forms two hydrogen bonds, relative to the
triplet state which forms only a single hydrogen bond."” Reducing
the singlet—triplet energy gap is expected to result in an increased
rate of ISC.!'¥ Experiments are in progress with other nitrenes
to establish the generality of the alcohol effect.
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(19) Effects of this type are responsible for shifting n — x* absorption
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Correlation spectroscopy (COSY) of J-coupled spins was the
first representative!? of multidimensional experiments, which have
revolutionized NMR spectroscopy.® Various methods have been
developed to get pure-phase spectra with quadrature detection
in both dimensions. Multiple-quantum filtering is frequently used*
resulting in diagonal peaks also of pure absorption phase, as well
as reduced cross-peak multiplet structure.’ Attempts have been
made to suppress diagonal peaks in homonuclear correlations.®

* Dedicated to Dr. Szabd, J. A., Szeged, Hungary.

tOn leave from the Institute for Drug Research, Budapest, Hungary.
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Figure 1. Two stages of the SIMPLE-COSY procedure for cyclosporin
A, measured in C¢Dg at 303 K at 500.1 MHz on a GN-500 spectrometer:
(a) pure-phase spectrum with huge dispersive diagonal peaks, (b) which
are removed via the method described in the text. One percent of the
full spectrum was zeroed along the diagonal. Some residual intensities
at higher fields are due to incompletely suppressed truncation of more
intense overlapping signals.

However, each of these experimental modifications results in a
more complicated acquisition scheme and increases the minimum
number of scans to be acquired.

Recently, a witty simplification has been introduced to substitute
MQ filtering with substraction of a reference 2D set containing
only the diagonal peaks.” Marion and Bax have improved this
approach by synthesizing the latter reference 2D from a carefully
adjusted 1D spectrum.® This P.COSY has been proven to be the
most economical and fastest way to get a pure absorption phase
COSY spectrum, so far.

We present here an even faster and the most simple way to
create a full-power pure-phase COSY spectrum (SIMPLE-COSY
or S.COSY). This approach does not need extra care in setting
up the experiment and requires less effort in computation in

(7) Mueller, L. J. Magn. Reson. 1987, 72, 191.
(8) Marion, D.; Bax, A. J. Magn. Reson. 1988, 80, 528.
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