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(s, CH,), 1.34 (s, r-Bu), 1.30 (s, CH,), 1.29 (s, CH,), and 1.28 (s, 1-Bu). 
Mass spectrum, m/e (relative abundance: 370 (Mt, 0.4), 220 (8), 205 
(7), 152 (1  I ) ,  151 (loo), 123 (87), 109 (34), 95 (12), 93 (IO),  91 (12), 
81 (43), and 79 (12). Anal. Calcd for C25H3802: C, 81.03; H, 10.33. 
Found: C, 80.91; H, 10.31. 

2,6-Di-~ert-butyl-4-~lethylphenyl trarrs-2-(3Cyclohexen-l-yl)cyclo- 
propanecarboxylate (10). Cyclopropane derivatives were formed in 94% 
and 92% yield, respectively, from reactions catalyzed by Rh,(OAc), and 
Rh,(acam),. IH NMR (CDC13, 300 MHz): 6 7.09 (s, 2 H), 5.68 (s, 2 
H), 2.30 (s, CHI), 2.24-1.80 (m, 5 H), 1.76 (quin, J = 4.1 Hz, 1 H), 
1.56-1.41 (m, 2 H), 1.35 (s, 9 H), 1.33 (s, 9 H), 1.37-1.22 (m, 1 H), 
1.16-1.00(m,I H),and0.94(dofdofd,J= 10.8,8.3.4.1 Hz,IH).  
Mass spectrum, m/e (relative abundance): 368 (M+, 2), 220 (2), 161 
(5), 149 (86), 131 (65), 121 (49), 119 (14), 105 (IS), 93 (50), 91 (28), 
79 (79), 77 (15), 71 (12). 67 (38), 57 (36), and 55 (100). 

Catalytic Decomposition of BDA in the Absence of Alkene. The re- 
action was performed in dichloromethane with rhodium(I1) acetate ca- 
talysis as previously described, and three dimeric products were isolated 
by flash chromatography and characterized spectroscopically. Fumarate 
ester (74%), IH NMR (CDCI,, 300 MHz): 13 7.15 (s, 4 H), 7.10 (s, 2 
H), 2.34 (s, 6 H), and 1.34 (s, 36 H). Mass spectrum, m/e (relative 
abundance): 520 (M', 2), 220 (42), 217 (23), 205 (19), 203 (29), 82 
(IZ), 57 (100). Maleate ester (13%), IH NMR (CDCI,, 300 MHz): 6 
7.28 (s, 4 H), 6.63 (s, 2 H), 2.29 (s, 6 H), and 1.33 (s, 36 H). Azine 

(s, 6 H), and 1.34 (s, 36 H). 
Reduction of BHT Cyclopropane Esters. 2,6-Di-tert-4-methylphenyl 

cyclopropanecarboxylate (1.5 mmol) in 10 mL of anhydrous ether was 
added dropwise over a 15-min period to a suspension of LiAIH, (6.0 
mmol) in 30 mL of refluxing ether. The mixture was refluxed for an 
additional 24-48 h and then quenched with ethyl acetate, and the 
products were isolated after acidification and extraction. With the 2-n- 
butylcyclopropanecarboxylate (trans/cis = 2.0), the product mixture 
contained 67% ~rans-2-(n-butyl)cyclopropanemethanol, 7% cis-2-(n-bu- 

( 1  3%), 'H NMR (CDCI,, 300 MHz): I3 7.16 (s, 4 H), 4.62 (s, 2 H), 2.32 

tyl)cyclopropanemethanol, and 26% 2,6-di-tert-butyl-4-methylphenyl 
cis-2-(n-butyl)cyclopropanecarboxylate after a reaction time of 34 h. 
Similar results were obtained with the 2-phenylcyclopropanecarboxylate 
esters. In contrast, both cis and trans isomers of 2,6-di-tert-butyl-4- 
methylphenyl2-ethoxycyclopropanecarboxylate were reduced by LiAlH, 
after 24 h in refluxing ether, and no isomerization of reactants or prod- 
ucts was evident. Reductions of BHT cyclopropane esters formed from 
I-hexene and styrene were virtually complete after 72 h (I-hexene, <5% 
cis BHT ester) adn 15 h (styrene) in refluxing THF. However, neither 
the trans nor the cis isomer of the BHT chrysanthemate ester 4j un- 
derwent reduction in refluxing THF. 

Relative Reactivities of Alkenes in Cyclopropanation Reactions. The 
diazo compound, (0.50 mmol), either ODA or BDA, in 3.0 mL of an- 
hydrous methylene chloride was added at a controlled rate over a 5-h 
period to a stirred mixture of two alkenes (minimum amount of each 
olefin: 5.0 mmol), which normally included I-hexene, and either Rh,- 
(OAc), or Rh2(acam), (0.005 mmol) in 3.0 mL of dichloromethane. 
Reactions catalyzed by Rh2(0Ac), were performed at room temperature, 
and those catalyzed by Rhz(acam), were run in refluxing dichloro- 
methane, both under nitrogen. Products were isolated as previously 
described, and relative reactivities were obtained from product ratios 
determined by GC and 'H NMR analyses. Duplicate experiments were 
performed for each pair of alkenes, and cross-checks of relative reactivity 
values were obtained from experiments with different sets of alkenes. 
Typical values for Rh,(OAc),-catalyzed reactions of BDA were ethyl 
vinyl ether/l-hmene, 13; styrene/l-hexene, 3.8; and ethyl vinyl ether/ 
styrene, 3.4. 
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Abstract: Absorption spectra of crotonaldehyde in several alcohols demonstrate linear relationships between the energies of 
the lowest lying I T T *  and Ins* transitions and the solvent pK,, with the lrr*-lnr* energy difference decreasing from 14 800 
to 8500 cm-' in changing from ethanol (pK, = 16.0) to perfluoro-tert-butanol (pK, = 5.2). These results indicate that the 
pKHB for hydrogen-bond formation is proprotional to the pK, of the alcohol solvent in both the ground and excited states. 
The ability of strong hydrogen bonders to differentially shift low lying %T* and 'nr* states in polyene aldehydes has been 
used to invert the "r*/'nn* ordering and induce fluorescence in 2,4,6,8-decatetraenaI, a model compound which does not 
emit in hydrocarbon environments. Absorption, fluorescence, and fluorescence excitation spectra of decatetraenal have been 
obtained in several hydrogen-bonding solvents over a range of temperatures. The fluorescence intensities are strongly temperature 
dependent and can be fit to a simple model involving a low-temperature (T I 77 K) equilibrium between a nonemitting, 
hydrogen-bonded complex and a fluorescent species which is either protonated or strongly hydrogen bonded. The changes 
in the optical spectra with temperature and the pX, of the hydrogen bonder lead to a model in which the allowed transition 
between the hydrogen-bonded ground 
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the electronic properties of such systems has required close in- 
terplay between theory and experiment. 

Recent optical experiments have concentrated on simple, un- 
substituted polyene hydrocarbons that exhibit well-resolved (and 
thus informatiue) vibronic spectra even in 77 K glasses.4J These 
spectra as well as high-resolution spectra of low-temperature mixed 
~ r y s t a l s 2 ~ * ~  and gases in supersonic jets8v9 have furnished a greatly 
improved picture of excited-state symmetries and structures in 
model polyene hydrocarbons. Our knowledge of polyene aldehydes 
and Schiff bases, however, is considerably more limited than that 
of their hydrocarbon counterparts. These limitations are sig- 
nificant since it is just in these substituted forms that polyenes 
carry out their photobiological roles. 

Polyene aldehydes and Schiff bases have several features of 
potential photochemical importance. Their reduced symmetries 
lead to polar electron distributions that vary both with electronic 
state and solvent environment. Nonbonded electrons can par- 
ticipate in reactions involving hydrogen bonding and proton 
transfer, and changes in polarity and basicity upon excitation offer 
additional mechanisms by which electronic excitation can be 
communicated to and modulated by the surroundings. 

The spectroscopy of polyene aldehydes and Schiff bases has 
been hindered by many of the same features that make them so 
interesting. Low-lying n r *  states contribute to spectral broad- 
ening'O and in shorter systems (16 conjugated double bonds) 
severely reduce or completely eliminate fluorescence."-16 Hy- 
drogen bonding can lead to complicated distributions of so- 
lute/solvent complexes and further hinder interpretation of 
~ p e c t r a . ' ~ . ' ~ . ~ ~ - ' ~  As a result, theoretical calculations on these 
systems have not been subjected to the same experimental scrutiny 
as those for corresponding hydrocarbons, though vibronically 
resolved optical spectra of model aldehydes and Schiff bases have 
begun to contribute toward a better picture of the excited states 
of these photochemically important systems.6J1*'2 

In this study we explore the low-lying electronic energy levels 
of 
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Figure 2. 77 K absorption (AB), 10 K fluorescence (FL), and 10 K 
fluorescence excitation (EX) spcctra of decatetraenal in ethanol/meth- 
anol glass (pK, = 15.0). Fluorescence was obtained with 380-nm exci- 
tation, and the excitation spectrum was monitored at 500 nm. 

spectra and the overall loss of absorption with increasing hydrogen 
bonder concentration signaled aggregation and/or precipitation 
in our samples. This work suggested that hydrogen-bonded 
polyene aldehydes are considerably less soluble and/or considerably 
less stable in nonpolar environments than the closely related Schiff 
bases. This may be due to the higher electronegativity of the 
aldehyde oxygen compared with the Schiff base nitrogen. 

In preparation for hydrogen-bonding studies of polyene al- 
dehydes in polar solvents, we investigated the low-energy electronic 
transitions in crotonaldehyde 

-0 

a prototypical polyene aldehyde for which the low-lying 'n** and 
'rr* states are readily discernible even in room-temperature 
absorption solution spectra.*O Absorption spectra of croton- 
aldehyde were obtained in several alcohol solvents with a wide 
range of hydrogen bonding capabilities. Energies of the low-energy 
"r* and I*** (IB,) states are given in Table I and plotted as 
a function of solvent pK, in Figure 1. (It should be noted that 
the energies given refer to band maxima, rather than (0-0) 
transition energies.) Both the 'n r*  and 'B, energies appear to 
be linearly related to the pK, of the solvent. The transition energies 
did not correlate as well with the solvent refractive index and 
correlated poorly with the solvent dipole moment and dielectric 
constant. 

corr
0. 



1916 

> 
I- n 
Ln 
z W I- 

5 
z 0 U 

Ln Ln H 

5 W 

W 

I- 
4 _I 

w U 

2 

J .  Am. Chem. SOC., Vol. 112, No. 5, 1990 Papanikolas et al. 

0 

OL\ TFE 

HFIP \O 

EtOH/MeOH O\O 

20 40 60 80 100 
TEMPERATURE (KELVIN) 

Figure 5. Temperature dependence of decatetraenal fluorescence inten- 
sity (band maximum) in ethand/methanol (EtOH/MeOH), trifluoro- 
ethanol (TFE), and hexafluoroisopropyl alcohol (HFIP). Curves rep- 
resent best fits of fluorescence intensities to simple, two-species equilibria 
(eq 1). Points represent data for TFE obtained with both increasing and 
decreasing temperatures. 
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Figure 6. Decatetraenal/hexafluoroisopropyl alcohol fluorescence and 
fluorescence excitation spectra as a function of temperature. 

several temperatures (Figure 6). 
For each of the hydrogen-bonding solvents the increase in 

fluorescence intensity with decreasing temperature can be ac- 
counted for by a simple equilibrium between an emitting and a 
nonemitting species (see Figure 5). The equilibrium expression, 

(1) 

K = [A']/[A], and the relation describing the partition of the 
al2ehyde between emitting and nonemitting species ( [AIo = [A] + [A']) give the following: 

(2) 

A (nonfluorescent) .+ A' (fluorescent) 

K,/(K, + 1) = [A'l/[Alo 

By using the linear relationship between the fluorescence intensity 
and the concentration of emitting species (If = k[A']) and the 
expression for the temperature dependence of the equilibrium 
constant 

(3) 

leads to the following relationship between the fluorescence in- 
tensity and relevant thermodynamic parameters 
If = k'exp((TAS - AH)/RT)/[I + exp((TAS - AH)/RT)] 

(4) 

where k' is a constant proportional to the initial free aldehyde 
concentration, the fluorescence yield of the emitting species, the 
excitation light intensity, and other instrumental factors. The 

Ksq = exp(AS/R - AH/RT) 

Table 111. Thermodynamic Constants for Decatetraenal/AlcohoI 
Epuilibria (Eq 1)" 

solvent pK, AH (kJ/mol) A S  (J/mol K) Kq (77 K) (10%) 
HFIP 9.3 -1.15 f 0.09 -28.3 f 2.9 0.19 0.07 4 0 '  
TFE 12.4 -2.26 f 0.32 -38.2 f 5.1 0.34 * 0.27 =lo9 
EtOH/ 16.0 -4.01 f 0.56 -57.2 f 7.8 0.53 f 0.69 =IO'' 

MeOH 
aSoIvents: hexafluoroisopropyl alcohol (HFIP), trifluorocthanol (TFE), 

thermodynamic parameters AH and A S  were assumed to be 
independent of temperature over the 10-100 K range of our 
experiments. Intensity versus temperature data were fit to eq 4 
by using a SIMPLEX a l g ~ r i t h m ~ ~ ~ ~ ~  with k', AH, and A S  as ad- 
justable parameters. A representative fit for the trifluoroetha- 
nol/decatetraenal system is given in Figure 5. Final data sets 
included intensities measured as the temperature was both de- 
creased and increased. The thermodynamic parameters permit 
the equilibrium constants to be calculated at  different tempera- 
tures, and a 

and data int[(beTf -0.25 Tc 
4xtures, )Tj
(the )Tj
-6 
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states. AS (and thus TAS) should be constant for this series of 
similar alcohols. This approximation, along with the relationships 
given in eq 5, allows us to simplify eq 6, giving 

(7) 

where 6 is a constant for a series of similar hydrogen-bonding 
alcohols. The linear relationships in 
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the all-trans-retinal Schiff base.4s This also suggests that the 
emitting state in protonated decatetraenal is 1 IB,. 

The equilibrium between a hydrogen-bonded adduct and a 
protonated adduct does not require significant geometry changes 
and, therefore, could occur in a low-temperature matrix. Whether 
the emitting species is completely protonated might be ascertained 
from the emission spectra in the three alcohol solvents. If all of 
the fluorescent species were protonated, then we might expect 
similar spectra with small differences arising from general solvent 
effects, e.g., differences in dielectric constants. Fluorescence 
maxima do vary (483 nm in ethanol/methanol, 498 nm in tri- 
fluoroethanol, and 51 1 nm in hexafluoroisopropyl alcohol) which 
indicates that the proton probably retains some association with 
the alcohol anion. This suggests the following equilibrium: 

HRC=O**-HOR' - HRC=OH+.**-OR' (8) 
Theoretical work by Kollman and Allen46,47 shows that the 

potential curves associated with these types of equilibria may 
include double minima along the hydrogen-bonding coordinate. 
The barrier arises from geometries in which the proton is loosely 
associated with both the aldehyde and the alcohol, and its height 
and the difference in energy between the two minima will depend 
on the distance between the proton-donating and proton-accepting 
oxygens as well as general solvent coordinates. The two minima 
thus may be identified with the hydrogen-bonded and protonated 
adducts discussed above. It also should be noted that fluctuations 
in the separation between the heavy atoms and changes in the 
solvent orientation may strongly modulate proton-transfer rates, 
especially in situations with low and narrow barriers where tun- 
neling effects often d ~ m i n a t e . ~ * * ~ ~  

A double minimum potential curve and the equilibrium between 
the two species might occur in the ground state or the excited "r* 
states monitored by our spectra. If the equilibrium occurred in 
the ground state, we would expect a significant shift in absorption 
and excitation spectra as a function of temperature such as has 
been observed in analogous polyene Schiff bases. For example, 
Blatz et ai." observed a shift of the liA, - liB, (0-0) from 374 
to 396 nm when an EPA (ether/isopentane/ethanol) solution of 
N-2,4,6,8, 
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protonated species can be controlled by the pK, of the proton 
donor, changing the solvent polarity, or by varying the temperature. 
Unlike Schiff bases, ground-state polyene aldehydes do not readily 
accept protons from alcohol donors. Excited aldehydes, on the 
other hand, can compete for protons, a t  least at low temperature. 
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Abstract: Dimethoxycarbene [(MeO)$] and fluoromethoxycarbene (FCOMe) were photochemically generated from the 
appropriate diazirines (b and 2b) and characterized by UV and IR spectroscopy 


