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1a; R1 = R2 = H, R3 = C(CH3I2CO2" 
b; Ri =R 2 = H , R3 = C(CH3J2CO2Me 
C; R-i =R 2 = R3 - H 
d, R1 = CH3 1R2 = R3 = H 
e; R1 = H1 R2 = R3 = CH3 

3a-e 

lie ~ 8-100 fold (depending on the example6) below the Bronsted 
line indicating this group is required for maximal activity.6 For 
example, if the CH2OH unit in la is replaced by CH2OCH3, the 
/fcf* value drops from (4.06 ± 0.05) X 10"2 to (5.90 ± 0.45) X 
10"3 M"1 s"1. 

Since la lies on the same Bronsted lines as defined by lb-e, 
the CO2" unit in this system is incapable of providing another 
mechanism for O-acylation12 other than that simply dependent 
upon imidazole basicity. A fundamentally different or enhanced 
pathway such as CO2" acting as a general base (on N-H) in 
concert with the imidazole-HO interaction is expected to produce 
an upward deviation from the line. 

Since this is not observed, at first glance one might suggest there 
is no positive benefit of attachment of the CO2" in la, but we 
believe the situation is more subtle. The pATj1" values in Table I 
show the N basicity of la is greater than that of comparison ester 
lb, and a corresponding increase in &•?" is observed. In 
EtOH/H 2 0 media of reduced polarity,13 activity of all the im
idazole alcohols is reduced as expected, and there is a noticeable 
drop in the pA-!™ of lb-e. However, the electrostatic and/or 
H-bonding stabilization in the zwitterionic form of la counteracts 
the general medium-induced reduction in N basicity14 thereby 
enhancing the CH2OH nucleophilicity in relation to that of lb-e. 

In summary, the main benefit of the anionic pendant in la is 
an electrostatic one which is manifested more prominently in media 
of reduced polarity. To term this system a "model" for the 
acylation of SPases invites comparison with the enzyme which 
may not be justified given the unorthodox structure of the acylating 
agent6 and perhaps nonoptimal orientation of the functional groups 
in la.15 Rather, we prefer to view the system as a small molecule 
demonstration of an electrostatic role for CO2

--Im in direct 
CH2OH acylation. Nevertheless we note that in addition to other 
possibilities,1 a similar electrostatic role has been suggested for 
the Asp C02"-His section of the triad in the SPases.4,16 
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(12) The "trimethyl" lock engendered by the isobutyryl moiety compresses 
the carboxylate into a close H-bonding relationship with the imidazole as noted 
by Rogers and Bruice.7d In the latter study, a negligible effect was noted in 
the deacylation relative to the corresponding carboxylic ester. 

(13) Akerlof, G. J. Am. Chem. Soc. 1932, 54, 4125. 
(14) For a discussion of the effect of alcohol/H20 mixtures on amine, acid, 

and amino acid pATa's see: (a) Merle, M.; Douheret, G.; Dondon, M.-L. Bull. 
Soc. Chim. Fr. 1966, Ser. 5, 159. (b) Grunwald, E.; Berkowitz, B. J. J. Am. 
Chem. Soc. 1951, S3, 4939. (c) Chattopadhyay, A. K.; Lahiri, S. C. Indian 
J. Chem. 1977, ISA, 930. 

(15) Gandour (Gandour, R. D. Bioorg. Chem. 1981,10, 169) has described 
the orientation requirements for optimal general base activity of CO2". 

(16) The electrostatic role of Asp CO2" in enhancing the basicity of the 
imidazole in SPases has been discussed by the following: (a) Roberts, J. D.; 
Kanamori, K. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 3095. (b) Bachovchin, 
W. W. Biochemistry 1986, 25, 7751. (c) Bachovchin, W. W.; Roberts, J. D. 
J. Am. Chem. Soc. 1978, 100, 8041. 

Supplementary Material Available: Tables of thermodynamic 
pK[m and kfix values for la-e reacting with 2 and product study 
data (1H NMR, IR, mass spectral) (3 pages). Ordering infor
mation is given on any current masthead page. 
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The mechanism for the thermal Z^-E isomerization of p-
donor-p'-acceptor ("push-pull") azobenzenes has generated 
considerable controversy.1"9 While reaction of azobenzene is 
generally accepted to proceed by an inversion mechanism, in which 
sp2-sp rehybridization of an azobenzene nitrogen affords isom
erization via a semilinear transition state,10"15 we and others have 
noted coupling of donor and acceptor substituents in compounds 
such as 4-(diethylamino)-4'-nitroazobenzene (DENAB) (1) can 

N°2"A/"% "0"< " ^ j X 
NCW, J - ^ j - S , NO 
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(2) Asano, T.; Okada, T. / . Org. Chem. 1984, 49, 4387. 
(3) Marcandalli, B.; Liddo, L. P.-D.; Fede, C. D.; Bellobono, I. R. J. Chem. 

Soc, Perkin Trans. 2 1984, 660. 
(4) Nishimura, N.; Kosako, S.; Sueishi, Y. Bull. Chem. Soc. Jpn. 1984, 

57, 1617. 
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Perkin Trans 2 1986, 1839. 
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Chem. Soc. 1971, 93, 2004. 
(7) Schanze, K. S.; Mattox, T. F.; Whitten, D. G. J. Org. Chem. 1983, 48, 

2808. 
(8) Andersson, J. / . Photochem. 1983, 22, 245. 
(9) Sigman, M. E.; Leffler, J. E. J. Org. Chem. 1987, 52, 3123. 
(10) Talaty, E. R.; Fargo, J. C. J. Chem. Soc, Chem. Commun. 1967, 65. 
(11) Harberfield, P.; Block, P. M.; Lux, M. S. / . Am. Chem. Soc 1975, 

97, 5840. 
(12) Asano, T.; Okada, T.; Shinkai, S.; Shigematsu, K.; Kusano, Y.; 

Manabe, O. / . Am. Chem. Soc. 1981, 103, 5161. 
(13) Rau, H.; Ludecke, E. J. Am. Chem. Soc. 1982, 104, 1616. 
(14) Asano, T.; Yano, T.; Okada, T. /. Am. Chem. Soc 1982,104, 4900. 
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Table I. The Z — £ Isomerization Rates (AC*,, 25 0C) of 
p-Nitro-p'-aminoazobenzenes in Heptane and Dimethyl Sulfoxide 
(DMSO) and the Slopes Obtained by Least-Squares Linear 
Regression Analysis of AG* versus w* and £'versus x* s 

rate (AG*,) A G » VS TT* E' versus x* 

solvent kcal/mol slope* (corr) slope (corr) 

heptane 
DMSO 
heptane 
DMSO 
heptane 
DMSO 
heptane 
DMSO 
heptane 
DMSO 
heptane 
DMSO 

0.0071 
452 

0.0037 
1206 

0.0007 
0.23 
0.0091 

48300 
0.0009 
14.0 
0.0005 
0.011 

(20.4) 
(13.8) 
(20.8) 
(13.2) 
(21.7) 
(18.3) 
(20.2) 
(11.1) 
(21.7) 
(16.0) 
(22.1) 
(18.9) 

-7.7 (0.94) 
-6.4 (0.97)c 

-7.8 (0.97) 
-7.6 (0.93)' 
-7.2 (0.98) 

-8.1 (0.95) 

-9.4 (0.94) 

-9.2 (0.97) 

-6.8 (0.99) 

-5.7 (0.95) 

-6.6 (0.95) 

-7.2 (0.99) 

-5.4 (0.96) 

-3.1 (0.93) 

"AG' = AG'i - {sdb + aa) and E' = Eh, - (sdb + act). » Obtained 
from a section of the plot with negative slope. 'Slope obtained in
cluding heptane. 

result in a lowered bond order between azo nitrogens, which favors 
isomerization via a rotational path.1,6 '7 Arguments favoring 
"rotation" center around a pronounced acceleration of thermal 
isomerization and striking sensitivity to solvent polarity for the 
p-donor-p'-acceptor azobenzenes compared to those having only 
donor or acceptor substituents.1,2,6,7,16J7 Support for the rotational 
mechanism has been advanced by Asano and co-workers.1-2 It 
has also been suggested, however, that these unusual rate ac
celerations can be accommodated by an inversion mechanism.3"5 

A strong argument favoring the inversion over the rotational 
mechanism is the lack of correspondingly rapid isomerization in 
carbon analogues of 1 such as p-amino-p'-nitrostilbene.18 Here 
we present strong evidence in favor of dual mechanisms for the 
isomerization as a function of donor strength and solvent. 

Azobenzenes 1-6 were prepared and purified as described 
elsewhere.6 '7 '19 All show "typical" solvatochromic absorption 
spectra for E isomers with quantitative sensitivity to solvent po
larity parameters such as E1 or 7r*.20~22 We have used a slight 
modification (eq 1) of the Taft relationship22 to evaluate the 
solvatochromic behavior for the absorption maxima, corrected to 
E', versus TT* (Table I) . 

E' = Ekp - (sdb + aa) = STT* + E0 (1) 

The isomerizations also show a pronounced sensitivity to solvent 
as has been previously found for I.6,7 The isomerization is 
monitored following E-- Z photoisomerization by flash or steady 
irradiation;7 for all dyes studied the sequence is completely re
versible through several cycles.23 The reactivity order is 4 > 2 
> 1 > 5 > 3 > 6 , which follows decreasing ability of the p -amino 
group to donate electrons to the azobenzene chromophore via 
conjugation. Rates in more polar solvents vary over up to 6 orders 
of magnitude (Table I) . Reactivity as monitored by AG* at 25 
0 C shows a good correlation with TT* when treated according to 
eq 2 (Figure 1) for azobenzenes 1, 2, and 4; however, for azo-

(2) AG* = AG*! - (sdd + aa) = sir* +AG*0 

benzenes with more weakly donating amino groups there is a clear 

(16) Nerbonne, J. M.; Weiss, R. G. J. Am. Chem. Soc. 1978, 100, 5953. 
(17) Schanze, K. S.; Mattox, T. F.; Whitten, D. G. J. Am. Chem. Soc. 

1982, 104, 1733. 
(18) 4-Nitrc-4'-aminostilbene has £, = 17.1 kcal/mol in xylene; however, 

an unusually low frequency factor (A = 10s) results in slow isomerization 
where (Z)-I reacts very rapidly: Calvin, M.; Alter, H. W. J. Chem. Phys. 
1951, 19, 786. 

(19) Shin, D. M. Ph.D. Thesis, University of Rochester, 1987. 
(20) Dimroth, K.; Reichardt, C; Seipmann, T.; Bohlmann, F. Justus 

Liebigs Ann. Chem. 1963, 661, 1. 
(21) Reichardt, C. Solvent Effects in Organic Chemistry; Verlag Chemie: 

Weinheim, West Germany, 1979. 
(22) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. W. J. 

Org. Chem. 1983, 48, 2877. 
(23) Absorption spectra of Z isomers of 1-6 are very broad and ill-defined; 

although these may be small solvent shifts, there is no indication of a strong 
solvatochromic effect as with the E isomers. 

.1— 
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Figure 1. A plot of AG' x*; 2 (A), 3 ( • ) , 4 (O), and 5 (D). 

break in these plots with a nearly flat (zero slope) portion in 
solvents of low-to-moderate polarity and a linear decrease in AG* 
with IT* for more polar solvents. The limiting AG* value is ca. 
21 kcal/mol and occurs at quite different polarities for different 
dyes (Figure 1, Table I). 

The strong and parallel decreases in ^G* and E1n, with increase 
in solvent polarity for the azobenzenes with strong p-donor-p'-
acceptor substituents are in accord with increasing importance 
of a charge-separated structure 7b (eq 3). The reduction of AG* 

i -Ty -^ -O-D <-> A = 0 = N - N = Tf D t (3) 

can be plausibly accounted for by a rotational mechanism with 
a lower activation energy than for azobenzenes not having con
jugated donor and acceptor substituents. The sharp break in the 
plots of AG* versus ir* for azobenzenes 3, 5, and 6 (and others) 
suggests that two mechanisms are operative. The limiting AG* 
= 21 kcal/mol is very close to values measured for non-"push-pull" 
azobenzenes10"12 and thus reasonable for a nearly solvent-inde
pendent inversion mechanism. These results suggest that both 
inversion and rotational mechanisms are available and that the 
extent of solvent-mediated donor-acceptor coupling (and relative 
importance of 7a and 7b) determines which path is followed. 

As noted earlier, one of the major criticisms of a rotational 
mechanism is the lack of a corresponding low activation energy 
Z —• E isomerization for analogous olefins.18 However, very recent 
studies by Steiner and co-workers indicate merocyanines 8 and 
9 show solvatochromic behavior closely related to that for azo-

8,9 a 

8 R - C H , R - C 1 

8,9 b 

^ 3 3 

benzenes 1, 2, and 4. The solvent dependence of Eh„ on x* shows 
a similar sensitivity but a positive slope (9.78)24 since the ground 
states should be largely represented by 8,9a and the excited state 
by the charge neutralized 8 and 9b. These compounds, which 
cannot undergo isomerization via an inversion mechanism, undergo 
facile thermal isomerization with a solvent dependent AG* (25 
0 C ) = 12-23 kcal/mol in the same range as for the "push-pull" 
azobenzenes.24'25 Here again linear correlations (eq 1 and 2) give 
slopes of the same order (6.34) as for 1 (-6.4) but of opposite sign. 
The remarkable parallel in reactivity between merocyanines 8 and 

(24) Abdel-Halim, S. T.; Abdel-Kader, M. H.; Steiner, U. E„ unpublished 
manuscript. We thank Prof. Steiner and Dr. Abdel-Halim for providing us 
with a preprint of this manuscript. 

(25) Steiner, U. E.; Abdel-Kader, M. H.; Fischer, P.; Kramer, H. E. A. 
J. Am. Chem. Soc. 1978, 100, 3170. 
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9 and azobcnzencs 1. 2. and 4 suggests that isomerization of either 
olefin or azobcnzcne chromophore by a rotational path depends 
strongly on a solvent and resonance assisted lowering of the bond 
orders to reach transition states very close to 7b or 8,9b, re
spectively. 
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Recent interest in the chemistry of the Main Group carbenc 
analogues, R2M: (M = Si, Ge, Sn), has centered on the reactions 
of these species with carbon-carbon multiple bonds.1 Herein, 
we describe the reaction of a diorganostannylene (R2Sn:), 1 [R 
= bis(trimethylsilyl)methyl].2 with an acetylene 23 to provide the 
first known example of a stannacyclopropene 3 (Scheme I). Full 
characterization of 3. including the crystal structure and "9Sn 
NMR, reveals an unique thermal equilibrium among 1, 2, and 
3 which occurs in solution above -16 0 C , with 1 and 2 being 
favored at higher temperatures (Scheme I). 

Synthesis of 3 (Scheme I). Silylenes (R2Si:) and germylenes 
(R2Ge:) have previously been shown to react with the cyclic 
acetylene 2 to form the corresponding silacyclopropenes and 
gcrmacyclopropenes, respectively.Ief Analogously, titration of a 
deep red equilibrium mixture of 1 and the distannene 4 in me-
thylcyclohexane with 1.2 equiv of 2 at room temperature results 
in complete decolorization of the solution. Removal of the solvent 
and excess acetylene under reduced pressure quantitatively pro
vides 3 as a pale yellow crystalline material which is subsequently 
recrystallized twice from methylcyclohexane at -40 0 C . 

Compound 3 exhibits physical properties that are fully consistent 
with the stannacyclopropene structure.4 A '-'CI1Hj NMR (75 
MHz, -25 0 C , methylcyclohexanc-</,4) 6 (ppm from solvent 
reference peak at 34.6 ppm) displays a resonance at 163.9 ppm 
[1^C17Z119Sn-13C) = 9.2 Hz] which is assigned to the stannacy
clopropene carbon atoms.4 In addition, a '"Sn[1Hl NMR (112 
MHz, -25 0 C , methylcyclohexane-c/,4) S (ppm from Me4Sn, 
negative for upfield) shows a single resonance at -536.8 ppm which 
is more than 100 ppm upfield from the chemical shifts of the highly 
strained cyclotristannancs.5 IR (Nujol) and Raman (solid, -60 
0C) data show vc=c a t '587 cm"1 which first decreases in the IR 
and then disappears within 5 min after exposure to air. 

Crystallographic Analysis of 3.4 As shown in Figure 1, the 
stannacyclopropene ring system of 3 forms an isosceles triangle 
with Sn-C s p ; bond lengths of 2.136 (5) and 2.134 (4) A, re
spectively, which are comparable in length to Sn-Cspi bond dis
tances found in acyclic systems.6 The Q - C 2 bond length of 1.340 

(1) (a) Seyferth, D.; Annarelli. D. C; Duncan, D. P. Organometallks 
1982.7. 1288. (b) Schriewcr. M.: Neumann. W. P. J. Am. Chem. Soc. 1983. 
105, 897. (c) Marx, R.; Neumann. W. P.; Hillner, K. Tetrahedron Leu. 1984, 
25. 625. (d) Ando. W.; Fujita, M.; Yoshida, H.; Sekiguchi. A. J. Am. Chem. 
Soc. 1988. 110, 3310. (e) Egorov, M. P.; Kolesnikov, S. P.; Struchkov. Yu. 
T.; Antipin. M. Yu.; Sereda, S. V.; Nefedov, O. M. J. Organomel. Chem. 
1985. 290. C27. (f) Krebs. A.; Berndt. J. Tetrahedron Lett. 1983, 24. 4083. 

(2) Goldberg. D. E.; Hitchcock, P. B.; Lappcrt. M. F.; Thomas. K. M.; 
Thorne, A. J.; Fjcldbcrg. T.; Haaland, A.; Schilling, B. E. R. J. Chem. Soc.. 
Dalton Trans. 1986, 2387 and earlier work cited therein. 

(3) Krebs, A.: Wilkc. J. Top. Curr. Chem. 1983, 109. 189. 
(4) Detailed information is supplied in the Supplementary Material. 
(S)Cf. (a) J -416.5 for hexakis(2,6-diethylphenyl)cyclotristannane 

[Masamune, S.; Sita, L. R.; Williams, D. J. J. Am. Chem. Soc. 1983, 105. 
630] and (b) S -378.9 for hexakis(2,4,6-triisopropylphenyl)cyclotristannane 
[Masamune, S.; Sita, L. R. J. Am. Chem. Soc. 1985, 107. 6390]. 

Figure 1. Crystal structure of 3: bond lengths (A) Sn-C, 2.136 (5), 
Sn-C2 2.134 (4), Sn-C1, 2.172 (4), Sn-C|b 2.181 (3), C,-C2 1.340 (6). 
C1-S 1.849 (8), C5-S 1.776 (7); bond angles (dcg) C,SnC2 36.6 (2), 
SnC,C2 71.6 (3), SnC2C, 71.8 (3), CiSnC,, 124.0 (I), C,SnC,b 121.8 
(2), C2SnC,, 121.6 (1), C2SnC,b 124.6 (I), C„SnC lb 110.1 (2). 

Scheme I 

R R 

I \ / methylcyclohexone ^ f f>- . 

J[R2Sn]2 

4 

R -- bisOrimethylsilyDmethyl 

(6) A is in agreement with the value found for the Clp2-Csp! bond 
length in the analogous gcrmacyclopropcnc derivative.1' while the 
cxocyclic Sn-C bond lengths of 2.172 (4) A and 2.181 (3) A, 
respectively, are shorter than those found in 
telrakis[bis(trimethylsilyl)methyl]distannene, 4 [2.207 (5) - 2.225 
(6) A].2 Due to the absence of any close intermolecular distances 
between tin and sulfur, the difference in bond lengths between 
S-C4 (1.849 (8) A) and S-C5 (1.776 (7) A) may arise from crystal 
packing interactions. 

An essential feature of the structure of 3 is the 355.9° and 
356.3° sums for two sets of angles (C | b -Sn-C l a , C , -Sn-C | b , 
C|-Sn-C, a and C,b-Sn-C,a , C2-Sn-C,,,, C2-Sn-C,a . respectively) 
at tin. Compared to the 328.5° value expected for an idealized 
tetrahcdral configuration, the arrangement of C,, , C,b, and the 
midpoint of C,-C2 can best be considered nearly trigonal coplanar 
about the tin atom (the Sn atom and these other three atoms or 
points are coplanar to within 0.005 A) which undoubtedly helps 
to minimize steric interactions between the bulky substituents. 
In addition, C3 and C6 are not coplanar with the plane of the 
stannacyclopropene ring but rather lie 0.024 A below and 0.058 
A above it. respectively. 

Properties of 3. Besides being air- and moisture-sensitive in 
the solid state, 3, in solution, is in rapid equilibrium above -16 
°C with 1 (and presumably, to some extent, with 4) and the free 
acetylene 2.7 Both the 119SnI1H) NMR and 13C)1HI NMR of 3 
show temperature dependency, with no resonance for the Cspi 
atoms being observed at 20 0 C in the latter. Upon the addition 
of 1.3 equiv of 2 to a solution of 3 (<• = 0.069 M, methylcyclo
hexane), a dynamic exchange between free and complexcd 
acetylene is observed by 1H NMR at 20 0 C (the coalescence 

(6) Cf. (a) 2.15 (4) A for triphenylvinyltin [Theobald. F.; Trimaillc. B. J. 
Organomel. Chem. 1984, 267. 143] and (b) 2.08 (3) A for 1,1,1-trichloro-
acetatotrivinyltin [Calogero, S.; Clmente. D. A.; Peruzzo. V.; Tagliavini. G. 
J. Chem. Soc.. Dalton Trans. 1979, 7, 1172]. 

(7) This behavior is reminiscent of the thermal equilibrium reported be
tween a cyclotristannanc and a distannene, sec rcf 5b. 
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