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Figure 2. Positive-ion FAB mass spectrum of adduct II. 
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Figure 3. Positive-ion FAB mass spectrum of adduct III. 

Adduct III produced an ion of mass 897 (M + Na)+, which 
corresponds to the structure of a dimer adduct in which each arm 
of phosphoramide mustard has reacted with guanosine 5'-mono-
phosphate at the 7-position (Figure 3). The fragment ion of mass 
796 arises from the loss of the phosphorodiamidic group (M + 
H - 79)+ as the result of N-P bond cleavage. Other peaks at m/z 
363 and 377 probably represent the ions (GMP + H)+ and (7-
methyl-GMP)+. 

We conclude that we have isolated three N-7-alkylated nu
cleotide adducts whose structures are shown in Figures 1-3. In 
agreement with a previous report,6 we found guanosine nucleotide 
to be readily alkylated by phosphoramide mustard at the 7-pos
ition. Adduct II could arise either by scission of the N-P bond 
in phosphoramide mustard and subsequent alkylation of guanosine 
5'-monophosphate by nornitrogen mustard or by alkylation of 
guanosine 5'-monophosphate by phosphoramide mustard and 
subsequent scission of the N-P bond. 

Our study demonstrates that phosphoramide mustard, like other 
nitrogen mustards,7'8 will alkylate N-7 of guanosine 5'-mono-
phosphate. The cytotoxic effect of cyclophosphamide and 
phosphoramide mustard could be mediated by two major types 
of damage to DNA: depurination (deribosylation) of adducts I 
and II which could lead to chain scission and by interstrand and 
intrastrand cross-linking analogous to that of adduct III. 
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Synthetic analogues of retinal have been used to study the 
binding site and photochemistry of both the visual pigment rho-
dopsin1 and the bacteriorhodopsin2 membrane of Halobacterium 
halobium. Nitroxides are excellent "reporter" groups for studying 
protein environments by the use of electron spin resonance (ESR) 
spectroscopy. A retinal derivative which contains a nitroxide 
functional group as well as forms a pigment with the bleached 
purple membrane or with the visual pigment apoprotein, opsin, 
would indeed be a valuable probe of the binding site. We have 
reported the synthesis of one spin-labeled retinal and the pigment 
analogue formed between it and the bleached purple membrane.3 

The information which could be gained from this analogue was 
limited as the label was linked to the retinal molecule by an ester 
bond which hydrolyzed readily after pigment formation. We 
report here the synthesis of the nitroxide retinal 1, which contains 
the TV-oxide incorporated into the ring of the retinal. The prop
erties of the stable pigment formed from the reaction of the 13-cis 
or all-trans isomers of 1 and the bleached purple membrane are 
discussed. 

2 a , R=OH 

2 b , R = H 

3 a , R= OC2H5 

3 b , R = H 

Esterification of 2,2,5,5-tetramethyl-3-pyrrolin-l-oxyl-3-
carboxylic acid (Eastman) (2a) with diazomethane followed by 
lithium aluminum hydride reduction and manganese dioxide 
oxidation, both in dry tetrahydrofuran, afforded the corresponding 
aldehyde 2b4 (44%). Condensation of 2b with triethyl 4-
phosphono-3-methylcrotonate5 in the presence of sodium amide 
gave the ester 3a (77%) which was reduced and oxidized as above 
to yield the aldehyde 3b (39%) which was purified by preparative 
thin-layer chromatography (TLC). Anal. Calcd for C14H2oN02: 
C, 71.75; H, 8.62; N, 5.98. Found: C, 71.59; H, 8.70; N, 6.01. 
The aldehyde 3b was condensed, reduced, and oxidized as above 
to yield the spin-labeled retinal 1 in 41% yield. The product was 
purified by TLC and high-pressure liquid chromatography (HP-
LC) using 20% ethyl acetate/hexane on a ̂ i-Porasil column. Two 
major isomers were obtained and identified as the 13-cis and trans 
isomers by elution profile on HPLC (13.5 and 15.2 min, re
spectively) and pigment formation capability. The mass spectrum 
of the two isomers each had a parent peak at m/e 300 (70 eV). 

(1) For a review, see: Knowles, A.; Dartnall, H. J. A. The Photobiology 
of Vision, The Eye; Hugh Davson, Ed.; Academic Press: New York, 1977; 
Vol. 2B, pp 153-164. 

(2) For example: Mao, B.; Govindjee, R.; Ebrey, T. G.; Arnaboldi, M.; 
Balogh-Nair, V.; Nakanishi, K.; Crouch, R. Biochemistry 1981, 20, 428-435. 

(3) Renk, G.; Grover, T.; Crouch, R.; Mao, B.; Ebrey T. G. Photochem. 
Photobiol. 1981, 33, 489-494. 

(4) Huleg, K.; Hankovszky, H. O.; Lex, L.; Kulcsar, G. Synthesis 1980, 
911-913. 

(5) Stilz, W.; Pommer, H. German Patent 1 109671, 1958; Chem. Abslr. 
1962,5(5,8571. 
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Figure 1. Absorption spectra of TV-oxide bacteriorhodopsin in water. (—) 
Light adapted; (- h -) dark adapted. Dark-adapted sample irradiated 
(slide projector, 400 W, glass sharp cut-off Corning 2A filter) for 5 min 
at room temperature. 

Anal. Calcd for C19H26NO2: C, 75.95; H, 8.74; N, 4.66. Found: 
C, 76.09; H, 8.60; N, 4.80. The 13-cis and trans isomers absorbed 
at 375 and 374 nm, respectively. The infrared spectrum (ethanol) 
showed the presence of the aldehyde C = O (1724 cm"1) and the 
N-O (960 cm"1). ESR spectrum of the spin-labeled retinal in 
1% ethanol/water showed the characteristic nitroxide three-line 
pattern with g value of 2.034 and hyperfine splitting of 16.3 G. 
By assuming the extinction coefficient is the same as that of 
all-frans-retinal and calculating the concentration of nitroxide 
groups with a standard compound, 4-hydroxyl-l-oxyl-2,2,6,6-
tetramethylpiperdine, one unpaired electron was found per 
molecule. The correlation time of this retinal TV-oxide was es
timated to be 3.1 X 10"9 s.6 

Spin-labeled pigment was regenerated from bleached purple 
membrane7 and the 13-cis or all-trans spin-labeled retinal by the 
procedure previously described;8 the pigments from both isomers 
appeared to be identical. The absorption maximum of the pigment 
(454 nm) is considerably blue shifted from the native pigment 
(528 nm) and red shifts to 459 nm on light adaptation (Figure 
1). We have observed blue absorption maximum shifts for other 
artificial pigments substituted with electronegative groups in the 
4 position on retinal;3 such a blue shift from the native chromo-
phore is predicted by the model for determining absorption 
maximum that places an external point charge close to the ring 
end of retinal.3,9 

The spin-labeled pigment is stable to the addition of hydrox-
ylamine (0.1 M, for 60 min). trans-Retinal does not displace the 
spin-labeled chromophore from the binding site. Therefore, the 
retinal derivative 1 is bound to the same lysine as is retinal in the 
native pigment. 

Absorbance changes in light- and dark-adapted samples after 
brief flashes were measured with a kinetic spectrophotometer.10 

Measurements were made at 380, 440,490, 500, and 510 nm with 
broad-band actinic light flashes of complementary wavelengths. 
Interestingly, no absorbance changes that could be associated with 
the photocycle of the light-adapted pigment could be detected. 
A small absorbance decrease and increase was observed at 440 
and 510 nm, respectively. The half-decay time of these absorption 
changes was on the order of several seconds, which would be 
consistent with the changes expected when part of the pigment 
goes from dark-adapted to light-adapted state. There was 
flash-induced absorbance increase at 380 nm, but it was not 
correlated in either time or magnitude with changes in the pig
ment's main absorption band. The origin of this transient change 
is as yet unexplained. In addition, the dye p-nitrophenol was used 

(6) Goldman, S. A.; Bruno, G. V.; Freed, J. H. /. Phys. Chem. 1972, 76, 
1858-1860. 

(7) Becher, B., Cassim, J. /. Prep. Biochem. 1975, 5, 161-178. 
(8) Tokunaga, F.; Govindjee, R.; Ebrey, T.; Crouch R. Biophys. J. 1977, 

19, 191-198. 
(9) Nakanishi, K.; Balogh-Nair, V.; Arnaboldi, M.; Tsujimoto, K..; Honig, 

B. J. Am. Chem. Soc. 1980, 102, 7945-7947. 
(10) Govindjee, R.; Ebrey, T. G.; Crofts., A. R. Biophys. J. 1980, 30, 

231-242. 

Figure 2. ESR spectra of light- and dark-adapted TV-oxide bacterio
rhodopsin analogue in water at 15 0C. (—) Light adapted; (---) dark 
adapted. Sample in flat cell irradiated for 5 min in spectrometer cavity 
with light through a 415-nm sharp cut off filter (Corning). Time con
stant, 1.0 s; gain, 2000; scan time, 8 min; modulation amplitude, 2.0 G; 
microwave power, 7 mW. 
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Figure 3. ESR spectra of TV-oxide bacteriorhodpsin analogue in a dry 
film at 20 0C. (—) Film parallel to magnetic field; (---) film perpen
dicular to magnetic field. Time constant, 1.0 s; scan time, 8 min; mod
ulation amplitude, 8.0 G; gain, 2000; microwave power, 7 mW. 

to try to detect light-induced proton release or uptake from the 
spin-labeled pigment containing the membrane sheet;10 no proton 
changes were observed. 

The ESR spectrum of the pigment shows an anisotropic signal 
characteristic of a near-rigid limit nitroxide spectrum11 with a 
calculated correlation time of ~10"7 s (Figure 2). When the 
dark-adapted pigment was irradiated in the ESR cavity with light 
through a 415-nm sharp cut off filter, a slight increase in A1

12 

and AL
12 were observed, indicating there may be an increase in 

the fluidity of the protein environment in the vicinity of the 
chromophore ring (Figure 2). For this pigment no phase transition 
in the range of 0-70 0C was detected as no changes in the ESR 
signal were observed in this range. 

The addition of sodium ascorbate to the retinal TV-oxide in 1% 
ethanol/water results in complete reduction of the nitroxide within 
5 min as demonstrated by the loss of the isotropic ESR signal. 
In contrast the pigment TV-oxide is resistant to reduction since 
several hours are required for the anisotropic signal to be elim
inated by the ascorbate. 

Dried films of the pigment demonstrated a high degree of 
angular dependence (Figure 3). A 64-G separation was observed 
between the hyperfine extrema in the spectrum obtained with the 
film parallel to the magnetic field. This result is indicative of lack 
of rotation of the probe about any axis.13 No difference was 
observed between the dried and hydrated films. 

In conclusion, a stable spin-labeled bacteriorhodopsin analogue 
has been formed. The absorption maximum of the pigment is blue 

(11) Mason, R. P.; Freed, J. H. J. Phys. Chem. 1974, 78, 1131-1323. 
(12) A1 refers to one-half the separation of the outer hyperfine extrema; 

AL refers to the half-width of the low field peak. 
(13) Hsia, J. C; Schneider, H.; Smith, C. P. Biochem. Biophys. Acta. 

1970, 202, 399-402. 
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shifted from that of the native pigment, probably due to the 
interaction of the electronegative N>0 group with the negative 
counterion which is proposed to be in the region of the chromo-
phore ring.9 The ESR spectra indicate that the environment of 
the chromophore ring has a high degree of orientation and is rigid 
within the membrane although a slight increase in mobility occurs 
on dark adaptation. 
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Earlier papers in this series1-10 have emphasized that for one 
of the simplest reaction types, the 1,2-hydrogen shift, theory is 
now able to make constructive additions and amendments to what 
is known from experiment. For example, our research and that 
of Pople and co-workers11"13 have demonstrated that the singlet 
rearrangements of hydrocarbon diradicals such as methylcarbene 
(CH3CH) and vinylidene (CH2=C:) occur with little or no barrier. 
In distinct contrast, the analogous triplet rearrangements face 
substantive barriers, e.g., ~40 kcal for the methylnitrene (CH3N-) 
rearrangement to methylenimine.6 Thus a number of general 
trends are beginning to appear in this area. 

A particularly controversial problem lying within the scope of 
the 1,2-hydrogen shift is the magnitude of the barrier between 
silaethylene and methylsilylene 

S'=C — ?i — C - H (1) 

H H H H 

In an earlier theoretical study, Goddard, Yoshioka, and Schaefer 

(1) C. E. Dykstra and H. F. Schaefer, J. Am. Chem. Soc, 100, 1378 
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(2) M. P. Conrad and H. F. Schaefer, J. Am. Chem. Soc, 100, 7820 
(1978). 

(3) J. D. Goddard and H. F. Schaefer, / . Chem. Phys., 70, 5117 (1979). 
(4) H. F. Schaefer, Ace. Chem. Res., 12, 288 (1979). 
(5) T. L. Allen, J. D. Goddard, and H. F. Schaefer, J. Chem. Phys., 73, 

3255 (1980). 
(6) J. Demuynck, D. J. Fox, Y. Yamaguchi, and H. F. Schaefer, J. Am. 

Chem. Soc, 102, 6204 (1980). 
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Figure 1. Theoretical DZ + P SCF stationary-point geometries for 
silaethylene and the transition state connecting it with methylsilylene. 
Bond distances are in angstroms. 

(GYS)7 predicted this barrier to be 41 kcal at the unlinked cluster 
corrected configuration interaction (CI) level of theory employing 
a standard double-^ (DZ) basis set.14 The examination of 
analogous studies performed at a higher level of theory would 
appear to suggest8-13 that extension of the basis set, treatment 
of higher order correlation effects, and correction for zero-point 
vibrational energies would all reduce the predicted barrier, but 
not to less than 25 kcal. 

In light of this theoretical background, the publication of 
dissenting back-to-back experimental communications15,16 on this 
topic came as something of a surprise to us. Conlin and Wood15 

reported evidence that the reaction of 1-methylsilaethylene to 
dimethylsilylene 

H H H 
X / •• / 
Si=C —- Si C H (2) 

/ \ / \ 
H3C H H3C H 

is rapid. Specifically they point to pyrolysis of methyl-
silacyclobutane leading to the isolation of products characteristic 
of dimethylsilylene reactions. Moreover, Conlin and Wood sug
gested that the isomerization (1) of the parent silaethylene might 
be even more rapid than (2). 

In the second communication, Drahnak, Michl, and West 
(DMW)16 present matrix isolation results which suggest that 
reaction 2 proceeds rapidly at 100 K, and the product di
methylsilylene is then trapped. DMW cite the previously discussed 
GYS theoretical study7 but conclude that "unless the additional 
methyl [i.e., the difference between reactions 1 and 2] has a 
dramatic effect, this (theoretical) result is not compatible with 
our interpretation. No simple alternatives have occurred to us." 
Thus there would appear to be a conflict between the theoretical 
prediction7 that the barrier is not less than ~25 kcal and the 
experimental deduction that this same barrier is perhaps 5 kcal 
or less. 

In light of this apparent discrepancy between theory and ex
periment, it was deemed imperative to reexamine the barrier for 
reaction 1 at a higher level of theory. Specifically, it was thought 
that the addition of polarization basis functions might significantly 
alter the earlier predictions.7 Therefore a set of p functions 
(orbitals exponent a = 1.0) was added to each of the four hydrogen 

(14) T. H. Dunning and P. J. Hay, Mod. Theor. Chem. 3, 1-27 (1977). 
(15) R. T. Conlin and D. L. Wood, J. Am. Chem. Soc, 103, 1843 (1981). 
(16) T. J. Drahnak, J. Michl, and R. West, J. Am. Chem. Soc, 103, 1845 

(1981). 
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