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CB-methyl group in TC, consistent with the aromatization 
of ring C. Similar spectra for peak A and AHTC were also 
AHTC 
2.39 (8, 3 H), 2.59 (s, 6 H), 3.15 (m, 1 H), 

peak A 
2.40 (9, 3 H), 2.59 (s, 6 H), 

3.12 (m, 1 H), 3.62 (b, 2 H), 3.7 (d, 1 H) 

observed in MeOH-d,. Typical yields of AHTC by HPLC 
recovered from the photolysis mixture ranged from 40% 
to 45%. 

In previous studies of TC photochemistry, three dif- 
ferent photoproducts have been reported+* although in 
no case has the identification been unequivocal. Thus, (a) 
Hlavka and Bitha, found that irradiation of TC in MeOH 
leads to dimethylamine formation and concluded that they 
had photoreductively deaminated TC at  the 4 position, (b) 
Davies et al.5 isolated a red product formed on irradiation 
of an air-saturated solution of TC at pH 9 and concluded 
on the basis of its chemical properties that it was a quinone 
formed on oxidation of photodeaminated TC at the 4 
position, and (c) Sanniez and PilpeP photolyzed TC in an 
oil-water mixture and identified AHTC as one of the 
principal products formed on the basis of TLC and UV 
spectroscopy, although little detail was provided. Given 
this rather complex background we thought it important 
to determine the TC photoproduct formed under the 
conditions of our photoaffinity labeling experiments. Our 
results present the first well-documented proof for the 
formation of AHTC on photolysis of TC under mildly 
reducing conditions (presence of @-mercaptoethanol). This 
photodehydration is undoubtedly driven by the aromati- 
zation of ring c. Such reactions are otherwise rather rare, 
although it is worth noting that ethylene glycol has been 
shown to photodehydrate to acetaldehyde in a reaction 
that, like the one described in this paper, requires the 
presence of SH  compound^.^ 

Elsewhere we have shown that the identities of products 
produced on TC photolysis are strongly influenced by 
redox conditions (0, vs. N2 atmosphere, presence or ab- 
sence of P-mercaptoethanol).2 We are currently seeking 
to determine whether the products formed in the absence 
of @-mercaptoethanol correspond to those put forward by 
earlier workers, as described above. If the singlet oxygen 
that is produced on photolysis of oxygen-containing solu- 
tions of TCE is a reactant in the formation of these prod- 
ucts, then it is possible that P-mercaptoethanol exerts its 
marked effect on product formation by preventing the 
accumulation of singlet oxygen in solution. Such an ex- 
planation would also provide a rationale for the difference 
in the results obtained by Davies et al.5 and by Sanniez 
and Pilpe16 since in the latter study photolysis proceeds 
in the oil phase, away from the oxygen dissolved in the 
aqueous phase. 

The formation of AHTC on TC photolysis is quite 
consistent with the photoaffinity labeling studies alluded 
to above, since AHTC is only a poor inhibitor of ribosomal 
functiong and would not be expected to show strong site- 
specific binding. In addition, formation of AHTC, which 

3.59 (m, 1 H), 3.63 (b, 1 H), 3.73 (d, 1 H) 
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has known cutaneous photot~xicity,~ could account for 
TC-induced cutaneous phototoxicity. 

Experimental Section 
HPLC analysis was performed on a Waters Associates chro- 

matograph consisting of 6000A and M-45 pumps, a 660 pro- 
grammer, and a U6K Universal injector. The detection system 
was a Waters extended wavelength module (214 nm) and a Model 
440 absorbance detector connected in series. UV-vis spectra were 
recorded on a Beckman D-8 spectrophotometer. NMR spectra 
were obtained on either an IBM-200 FT-NMR or a Bruker 
250-MHz FT NMR. Photolysis experiments were carried out in 
100-mL round-bottomed Pyrex flasks with either Rayonet RPR 
3500-A lamps or with a UV Products, Inc., PCQ 008L lamp as- 
sembly having a maximal output between 3400 and 3800 A. 

Tetracycline was obtained from Lederle Laboratories and was 
298% pure. It was used without further purification. AHTC 
was prepared by acid-catalyzed dehydration of TC.'O Deuterated 
solvents were obtained from Aldrich Chemical Company; both 
the methanol and pyridine used in the study had 99.9 atom % 
D. All other chemicals were of the highest grade of purity 
available. 
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The concept of pa-da overlap has long been employed 
to explain observations involving molecules containing a 
third-row element such as phosphorus bound to a sec- 
ond-row element such as nitrogen or oxygen containing 
nonbonding electrons.2 One such system is the phos- 
pha-X5-azene, shown below as a resonance hybrid of 
structures A and B. 

t -  
R3PNR' - R3P= NR' 

A B 

The numerous reports which claim that the 31P NMR 
chemical shifts of phospha-X5-azenes, particularly of the 
type 1, are sensitive to the contribution of the pa-da 
resonance form to the h ~ b r i d , ~ - ~  and a very recent com- 
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a. R*N02 c, R-H e, R-OCH3 
b, R-CI d, RaCH3 f ,  R*N(CH,I, 

munication concerning 15N and 31P NMR studies of 
phosphorimidates,6 prompt us to report our results on 
N-aryl-PQQ- triphenylphospha- X6-azenes la-f. We dem- 
onstrate that 16N and 31P chemical shifts exhibit similar 
behavior as the aryl substituent is changed and show that 
this is not directly related to the extent of p7r-d~ bonding 
as suggested in the literature. Further, the one-bond PN 
coupling constant ( l J p N )  behaves differently as a function 
of substituent and seems to be influenced by resonance 
interaction (electron donation) with the substituent in the 
N-aryl ring. 

Table I shows the 31P chemical shifts, extrapolated to 
infinite dilution, the natural-abundance 15N chemical 
shifts, and the one-bond PN coupling constants for a series 
of N-aryltriphenylphospha-X5-azenes (la-f). A plot of 631p 

vs. the Hammett ap- constantsgJ7 gives an excellent straight 
line whose slope is 2.91 and whose correlation coefficient 
( r )  is 0,989. This type of behavior has been observed 
previou~ly.~-~ In two studies, however, concentrations 
considerably greater than that used here were employed 
and chemical shifts were not extrapolated to infinite di- 
l ~ t i o n , " ~  thus introducing large errors, as pointed out be- 
low. Also, the different concentrations used in these 
studies gave rise to very different values for 631p.3v5 

A third report states that 31P chemical shifts were ob- 
tained by extrapolating to zero concentration but the 
values were not given. A plot of u- vs. 631p gave a straight 
line whose slope was 3.19 (r was stated to be between 0.97 
and 0.99).4 This value for the slope is in good agreement 
with that obtained here, 2.91 ( r  = 0.989). 

I t  is important to point out that in the case of the N- 
aryltriphenylphosphaazenes 1 not extrapolating to infinite 
dilution results in serious errors when comparing 31P 
chemical shifts. In four of the six cases examined (lb-e) 
a plot of 631p vs. concentration gave a line of negative slope, 
while in the other two cases (la and f; with the most 
electron-donating and most electron-withdrawing groups) 
the slope was positive and, in addition, the slopes varied 
numerically over a factor of about 10. Since our concen- 
trations (30, 100, 200, and 300 mg/3 mL) varied bver a 
10-fold range, down to a value of about 0.025-0.03 M, we 
consider our extrapolated chemical shifts to be quite re- 
liable. Further, in five of six cases the extrapolated value 
of 631p was within 0.02 ppm of the value obtained at  the 
lowest concentration (10 mg/mL). In the case of If [R = 
N(CH3),] the extrapolated value (6 2.61) was within 0.04 
ppm of the lowest concentration value (6 2.65) but the slope 
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Table I. NMR Parameters of Phospha-X6-azenes la-f and 
8 1 s ~  for CorresDonding Anilines 2a-f 

la  p-NOpd 7.79 100.10 32.2 2a, 76.2' 
lb p-C1 4.59 77.59 32.7 2b, 56.8' 
I C  H 3.73 77.66 32.9 2c, 56.5' 
Id p-CH3 3.35 74.79 32.9 2d, 53.9' 
le p-OCH, 3.13 71.77 34.2 2e, 50.7' 
If p-N(CH,)Z 2.61 70.07 34.7 2f, 51.lf 

a p p m  downfield from external 85% H,PO,; extrapolated to in- 
finite dilution. ppm downfield from liquid NH,. 10.2 Hz. 6 1 5 ~  

for the NOp group is 369.74. eFrom ref 8 (Me,SO solvent) and 
converted to  the liquid NH3 scale using Ganmne = 56.5 (ref 7). /This 
work (Me2S0 solvent); 8 1 6 ~  for the  N(CH& group is 37.5. 8 1 6 ~  

(CDC13 solvent) for NH, and NMez respectively is 48.8 and 37.6. 

of the plot of concentration vs. 631p was the largest. 
I t  has been argued that since 631p varies directly with 6, 

resonance form 3 increases in its contribution relative to 
4 and 5 as the R group becomes more electron d~nat ing .~-~  
Actually, forms 4 and 5 alone will explain the data. That 

3 4 

Ph$N+R 

5 

631p is not necessarily related to resonance form 3 is shown 
by the following. A plot of 6isN (for la-f) vs. 6a1p was linear 
(correlation coefficient r = 0.986; slope = 5.74), and a plot 
of 8 1 5 ~  vs. ap-,' as in the case of 631p vs. ap-, also gave a 
straight line whose slope was 16.70 (r = 0.974). Further, 
and more significantly, a plot of 6 1 ~ N  for la-f vs. 61sN for 
anilines with the same substituents (2a-f, Table I)* gave 
a nearly perfect straight line (r = 0.998) with a slope (1.149) 
close to unity. These results show that the 15N chemical 
shifts of the phospha-X5-azenes are apparently sensitive 
to the same effects as those of the anilines, and this would 
seem to rule out changes in the contribution of resonance 
form 3 as the major cause of the changes in hN, since an 
analogous form cailnot be drawn for the anilines. Thus 
6 1 ~  is sensitive to forms 4 and 5 and not to form 3. 
Likewise, the phosphorus chemical shifts must also be a 
reflection of the contributions of forms 4 and 5, but not 
of form 3, to the resonance hybrid, which is in direct 
contrast to the literature suggestions that 31P chemical 
shifts reflect the extent of px-dn bonding in these sys- 
t e m ~ . ~ - ~  

It  should be noted that 8aip is a complicated combination 
of a number of factors, only one of which involves d-orbital 
occupancy on phosphorus, and as such 631p is not expected 
to necessarily be directly related to pn-dn bonding.1° 
Nitrogen chemical shifts are also comparably complex." 

Plots of ' J p N  vs. the resonance parameters a R  and aR+12 
gave reasonably straight lines (slope = -2.48, r = 0.965 and 
slope = -1.29, r = 0.960, respectively). When other pa- 
rameters (such as a or a-) were used, the fit was quite poor. 
It is thus clear that the PN coupling constant is sensitive 
to a very different property (or properties) of the sub- 
stituent, R, than the 15N and 31P cheniical shifts and that 

(10) Gorenstein, D. G. In "Phosphorus-31 NMR, Principles and 
Applications"; Gorenstein, D. G., Ed.; Academic Press: Orlando, FL, 

(11) Levy, G. C.; Lichter, R. L., ref 7, Chapter 1. 
(12) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. W. Prog. Phys. Org. 

1984; pp 23-27. 
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this property is the ability of the substituent to interact 
by resonance (overlap) and, in particular, by electron do- 
nation. The most reasonable acceptor of this electron 
back-donation would seem to be a pa-da bond as in res- 
onance form 3, but a number of other explanations are 
possible and these are being actively explored. 

Experimental Section 
Phospha-X5-azenes la-e were made by the Staudinger reaction 

using the appropriate azide and triphenylph~sphine'~-'~ and l f  
was made by the method of H ~ r n e r . ' ~ , ' ~  The properties matched 
those reported. The NMR spectra were obtained on a Nicolet 
NT-200 wide bore spectrometer with a 4.7 T superconducting 
solenoid. 31P spectra were taken at 80.99 MHz using an external 
85% H3P04 standard. The spectra were taken in CDCI, (12-mm 
tubes) at concentrations of 300 mg/3 mL, 200 mg/3 mL, 100 mg/3 
mL, and 30 mg/3 mL and extrapolated to infinite dilution. Two 
level broad band proton decoupling was employed with a pulse 
angle of approximately 90' and a post acquisition delay of 1 s. 
Natural-abundance I5N spectra were obtained at 20.28 MHz using 
gated broad band proton decoupling (decoupler on during ac- 
quisiton), a pulse angle of about 23', and a post acquisition delay 
of 6 s. Samples were about 1.3-1.8 M in CDC13 and 20-mm tubes 
were employed. I5N chemical shifts were measured using an 
external KI5NO3 solution in H 2 0  which had been standardized 
against neat CH3N02. The shifts relative to liquid NH3 were 
calculated by using 6(NH3) = b(CH3N02) + 380.23.7 
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The palladium-catalyzed coupling reactions of organic 
electrophiles with organotin reagents provide a convenient, 
high yield pathway for carbon-carbon bond formation. 
The coupling reactions of acyl chlorides,l allyl chlorides 

(1) (a) Milstein, D.; Stille, J. K. J.  Am. Chem. SOC. 1979,101,4992. (b) 
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W.; Stille, J. K. J.  Am. Chem. SOC. 1983, 105, 669. (d) Labadie, J. W.; 
Stille, J. K. J. Am. Chem. SOC. 1983, 103, 6129. (e) Labadie, J. W.; 
Tueting, D.; Stille, J. K. J. Org. Chem. 1983,48, 4634. (f) Soderquist, J. 
A.; Leong, W. W.-H. Tetrahedron Lett. 1983, 24, 2361. 
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and bromides,2 and vinyl triflates3 as the electrophilic 
partner take place with a wide variety of tin reagents under 
conditions that are mild enough that diverse functionality 
is acceptable in both coupling partners. Generally, in the 
reactions where an sp3 carbon undergoes oxidative addi- 
tion, @-hydrogens on an sp3 carbon cannot be present in 
the electrophile but can be present in the organotin 
partner. This is because the product of oxidative addition 
with the electrophile is able to undergo @-hydride elimi- 
nation4 Apparently the diorganopalladium(I1) complex 
can have a P-hydrogen because the transmetalation step 
which follows oxidative addition of the electrophile to a 
palladium(0) complex is slow, while the 1,l-reductive 
elimination which follows the transmetalation is fast.5 
Surprisingly, however, a-bromo-y-butyrolactone which 
possesses 0-hydrogens was observed to cross-couple in good 
yield. 

Coupling reactions of organotin reagents with a-halo 
esters have been reported using free radical conditions. 
However, high temperatures were required and only 
moderate yields were reported.6 Milder reaction condi- 
tions and a greater variety of coupling partners might be 
expected when palladium catalysts are used, however. 
Consequently, it appeared to be worthwhile to attempt the 
coupling reaction of a-halo esters with various organotin 
reagents in the presence of a palladium catalyst. 

The coupling reactions of a-bromo- and a-iodo-y- 
butyrolactone with allyltin reagents and tributylacetonyltin 
were carried out under different conditions to give high 
yields of coupled products (Table I). Only moderate yields 
could be obtained with a-bromoacetate esters, even at  
higher reaction temperatures. Much shorter reaction 

+ RSnRI3 + XSnRI3 
u u 

times were required when dibutyldiallyltin was used rather 
than tributylallyltin. The reaction with acetonyltin re- 
quired higher temperatures than that with allyltin. Other 
organotin reagents such as tributylphenyltin, tributyl- 
vinyltin, tributyl(2-~henyiethyl)tin, and tributylcyano- 
methyltin gave poor yields of coupled products (<lo%) 
under all conditions studied. 

The coupling reaction with a-iodo-y-butyrolactone ap- 
peared to proceed primarily through a radical mechanism 
since both galvinoxyl and 1,4-cyclohexadiene completely 
stopped the 30 "C  reaction with tributylallyltin while the 
50 "C reaction with tributylacetonyltin was slightly su- 
pressed. In both cases, in the absence of the palladium 
catalyst, the reaction still proceeded to some extent. 
Similar results are also observed for the coupling of a- 
iodo-y-butyrolactone with tributylacetonyltin. The cou- 
pling was slightly supressed in the presence of galvinoxyl 
but also took place in the absence of the palladium cata- 
lyst. The coupling of a-bromo-y-butyrolactone with the 
acetonyltin reagent did not take place in the absence of 
the palladium catalyst, and it was not stopped by galvi- 
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