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Abstract: Electronic (ultraviolet-visible) and vibrational (infrared) absorption spectra are recorded for the all-trans isomers 
of retinal, retinol, and retinoic acid in nonpolar solutions as a function of the polyenes concentration and of temperature. Al
though absorption spectral changes are not observed for all-trans-retinal, the vibrational spectra of all-trans-retinoi and the 
electronic and vibrational spectra of all-trans-ret\noic acid are sensitive to the polyenes concentration and to temperature. 
Their spectral changes are consistent with the formation of molecular aggregates as a result of intermolecular hydrogen bond
ing between the hydrogen and oxygen atoms of the alcoholic group for retinol and between the hydrogen and carbonyl oxygen 
atoms of the carboxylate group for retinoic acid. Values for the thermodynamic parameters of the molecular association, the 
equilibrium constant, enthalpy, and Gibbs free energy, are determined. The nature of the molecular aggregates formed by reti
nol and retinoic acid is discussed. 

Introduction 

Owing to the importance of the retinyl chromophore as the 
light-absorbing species of the visual protein rhodopsin,1 and 
the proteins bacteriorhodopsin2 and retinochrome,3 the pho
tochemical and spectroscopic properties of all-trans-retinal 
(structure 1), related linear polyenes, and their configurational 

a//-rra;is-retinal, 1 

isomers have been the subject of extensive investigation. A 
number of interesting observations have been reported.4-6 For 
example, the all-trans isomers of retinal (I),7"9 retinol (2),10'11 

retinoic acid (3),12 and retinal Schiff bases (4)9 have absorption 
spectra that are characterized by a first band maximum that 
is broad and diffuse, even when recorded in a low-temperature 
matrix. The first band maximum of a nonpolar solution of 
all-trans-retinol undergoes a hypsochromic shift1' (shift to 
higher energy; blue shift) upon lowering temperature, whereas 
the maxima of the other polyenes undergo a bathochromic shift 
(red shift). An unusually large "Stokes" shift exists between 
the absorption and fluorescence band maxima of these poly
enes.10 For all-trans-\li-[6 and all-trans-2,l3'X7 a notable 
difference is found between the intrinsic fluorescence lifetime 
( T F 0 ) obtained by integration of the intensity of the first ab
sorption band and that obtained by direct measurement of the 
radiative lifetime (rp) and fluorescence quantum yield (^F ) -
One of the most interesting spectroscopic characteristics of 
all-trans-retinal is that 4>j is dependent upon the wavelength 
of the exciting light,18 '22 behavior not observed for polyenes 
2-4. In general, it is thought that many of these spectroscopic 
anomalies can be rationalized by the presence of a forbidden 
Ag-like excited singlet state of energy comparable to that of 
the allowed Bu excited singlet state, the state responsible for 
the large oscillator strength associated with the first band 
maximum in the absorption spectra of these retinyl polyenes23 

and related molecules.24-28 The excited-state properties of 
all-trans-retinai are further complicated by the presence of 
an n,7r* excited singlet state of energy comparable to that of 
the two 7r,7r* excited singlet states. 

Recently, it has been suggested that the wavelength de
pendence of (j)j! of all-trans-ret\n&\ can be attributed to the 

presence of hydrogen-bonding species in solution or to the 
formation of retinal dimers.14,15 In addition, the formation of 
dimers is also thought to account for the observed shifts in the 
position of the first band maxima of all-trans-retina\29 with 
varying concentration and of all-trans-relino\u upon cooling 
a room temperature 3-methylpentane solution to 77 K. In order 
to obtain direct evidence for the existence of any molecular 
association for the retinyl polyenes, we have made a detailed 
investigation of the absorption spectral properties of the all-
trans isomers of retinol, retinal, and retinoic acid. In particular, 
high-resolution infrared absorption spectra were recorded as 
a function of the polyenes concentration and of temperature, 
and ultraviolet-visible absorption spectra were recorded as a 
function of the polyenes concentration. 

Experimental Section 

Materials. all-trans-Ret'mo\ (2), a//-;m/w-retinal (1), and all-
trans-rttinoic acid (3) were purchased from the Sigma Chemical Co. 
All compounds were stored under refrigeration in the dark, all-
trans- Retinal and a//-;ra«.r-retinoic acid were purified to >99% using 
high-pressure liquid chromatographic (LC) techniques, all-trans-
Retinol was obtained in sealed vials as 96-98% pure and could not be 
further purified by LC methods. Thus, solutions of 2 were prepared 
using freshly opened vials and absorption spectra recorded immedi
ately. 

3-Methylpentane (3MP) was purchased from Phillips Petroleum 
Co. as 99+% pure and was refluxed and distilled from Dri-Na (Baker 
Chemical Co.) immediately prior to use. Carbon tetrachloride (CCU) 
was purchased from Fisher Scientific Co. and was stored over a Type 
4AM-514 molecular sieve and filtered prior to use. 

Methods. LC purifications were accomplished using the chroma
tographic conditions previously described,30 namely, a Waters 
ALC/GPC 204 liquid chromatography a 12 X V4 in. ̂ -Porasil column, 
2-5% anhydrous ether in hexane, 2-3 mL/min, 1200-1500 psi, and 
365-nm UV detection. 

Electronic absorption spectra were recorded on a Perkin-Elmer 
Model 575 spectrophotometer using quartz cells of varying path length 
(Precision Cells). 

Infrared absorption spectra were recorded on a Perkin-Elmer 
CDS/2 system that consists of a Perkin-Elmer 580 infrared spectro
photometer, Interdata 6/16 64 Kbyte computer, and Interdata 
Teletypewriter. Solution spectra were recorded in CCI4 using a 
0.1-mm NaCl solution cell. The infrared spectra of polyenes 1-3 were 
corrected by computer subtraction of the solvents spectrum which was 
recorded under identical conditions. Solvent cast films were recorded 
on newly polished sodium chloride plates. All spectra were recorded 
in the ratio-recording mode and are the average of at least two accu
mulated 16-min scans. All infrared spectral data were stored on cas
sette tapes, and data manipulations (accumulation, expansion, nor-
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Table I. Infrared Vibrations of all-trans-Kst'ma\, all-trans-
Retinol, and all-trans-Retinoic Acid" 

1600 1500 1400 

WAVENUMBER, cm"' 

Figure 1. The room temperature infrared absorption spectrum of all-
trans- retinal in carbon tetrachloride solution; average of two accumulated 
scans. 

malization, smoothing, subtraction) were automatically performed 
using the Interdata 6/16 computer. 

Temperatures of 0 and —20 0C (±1 0C) were obtained by heating 
nitrogen vapors that were delivered from a reservoir of liquid nitrogen 
into a double-jacketed metal Dewar equipped with sodium chloride 
windows. All chromatography and spectroscopy were performed under 
red room lighting. 

Results 

Electronic (ultraviolet-visible) absorption spectra of the 
all-trans isomers of retinal (1), retinol (2), and retinoic acid 
(3) were recorded at wavelengths between 200 and 600 nm in 
the nonpolar solvents 3-methylpentane (3MP) and carbon 
tetrachloride (CCU) at room temperature as a function of 
polyene concentration and in 3MP at 77 K. Vibrational (in
frared) absorption spectra of the all-trans isomers of retinyl 
polyenes 1-3 were recorded at frequencies between 4000 and 
900 c m - 1 in CCU as a function of polyene concentration at 
room temperature (28 0 C). Infrared spectra of 2 and 3 were 
also recorded at 0 and —20 0 C. Solvent cast films on sodium 
chloride plates were recorded at room temperature for each 
polyene. Owing to the insolubility of polyenes 1-3 and the 
complexity of the infrared absorption spectrum of 3-methyl
pentane, useful infrared spectra were not obtained in that 
solvent. 

a//-frans-Retinal (1). Electronic absorption spectra were 
recorded at room temperature for six solutions of 1 in 3MP 
with concentrations ranging from 5 X 1O-6 to 1.2 X 10 - 3 M. 
For each solution, the first absorption band maximized (Xmax) 
at 369 nm. In addition, no variation is observed for the molar 
extinction coefficient (emax 50 000 M - 1 cm - 1 ) or the band
width at half-height {h = 5610 cm - 1 ) beyond experimental 
reproducibility (±2%). At 77 K in 3MP Xmax = 385 nm (emax 

54 000 M - 1 cm - 1 ) and in room temperature solutions of 
carbon tetrachloride Xmax = 381 nm (emax 48 000 M - 1 cm - 1 ) 
and h = 4420 cm - 1 . All electronic absorption spectral data are 
essentially identical with that previously reported.7'9'31,32 

Infrared absorption spectra of 1 in CCU were recorded for 
five room temperature solutions ranging in retinal concen
tration from 5.9 X 10 - 3 to 9.5 X 10 - 2 M. The five spectra 
displayed no notable differences in the 4000-900-cm_1 energy 
region, Figure 1; hence, temperature-dependent infrared 
spectral studies were not performed. Table I is a list of the 
notable infrared bands observed for 1 and their vibrational 
assignments based upon characteristic infrared frequencies33'34 

and resonance Raman data of the retinyl polyenes.35-39 

all-trans-Retinol (2). Electronic absorption spectra of 2 were 
recorded at room temperature for 3MP solutions ranging in 

assignment* 

O—H stretch, 
nonassociated 

O—H stretch, 
associated 

C - H stretch, 
olefinic 

C - H stretch, 
aliphatic^ 

C - H stretch, 
aldehydic 

C=O stretch, 
nonassociated 

C = O stretch, 
associated 

C=C stretch 
C - H bend, 

methyl group 
C - O stretch, 

associated 
C - O stretch, 

nonassociated 

all-trans-
retinal 

3040 

2960-2820 

2718-2762 

1660 

1575f 

1443 

frequency, cm"1 c 

all-trans-
retinol 

3619 

3600-3200 

3036 

2960-2820 

1570f 

1442 

961 

all-trans-
retinoic 

acid 

3538 

3400-2400 

3038 

2960-2820 

1722 

1680 

1603,1575 
1439 

1343 

1102 

" Carbon tetrachloride solutions, room temperature. * See ref 
33-39. c ±1 cm-1. d Several peaks; see Figures 1 and 4. e A number 
of weak bands appear in the 1620-1550-cm-1 region. 

concentration from 1 X 10 - 6 to 2.6 X 10 - 3 M and for CCl4 

solutions ranging in concentration from 3 X 1O-6 to 4.8 X 10 - 3 

M. In addition, electronic absorption spectra were measured 
at 77 K for 3MP solutions ranging in concentration from 5.4 
X 1O-6 to 3.5 X 10 - 3 M. For these three sets of spectral mea
surements, there is no detectable change in either the maxi
mum of the first absorption band, its molar extinction coeffi
cient, or its width at half-height that results from a change in 
the polyenes concentration. At room temperature in a 3MP 
solution Xmax = 325 nm, emax = 48 500 M - 1 cm - 1 , and h = 
5380 cm-1 . Xmax = 333 nm for a CCl4 solution of 2. At 77 K 
in a 3MP matrix, Xmax = 322 nm. These data are essentially 
identical with that previously reported.10'11 

Infrared absorption spectra were recorded for four CCl4 

solutions of 2 ranging in concentration from 1.9 X 10 - 2 to 1.9 
X 10_ i M. Notable infrared spectral changes are immediately 
evident, the most significant of which occurs in the 3700-
3100-cm-1 region, Figure 2, whereby the relative absorbance 
of the sharp band at 3619 cm"' observed in the 1.9 X 10 - 2 M 
solution decreases with increasing retinol concentration. A 
broad absorption that maximizes at approximately 3400 cm - 1 

becomes evident for a 4.7 X 1O-2 M solution and is observed 
to both increase in relative area and undergo a slight batho-
chromic shift as the concentration of retinol is further in
creased.40 Indeed the infrared absorption spectrum of a solvent 
cast film of 2 reveals the total absence of the 3619-cm~' band. 
The relative absorbance of the infrared band at 961 cm"' is 
also sensitive to variations in the retinol concentration. 

In addition, the infrared absorption spectrum of a 1.9 X 10_1 

M CCl4 solution of 2 was recorded at frequencies between 4000 
and 3000 c m - 1 at +28 (room temperature), 0, and —20 0 C. 
These spectra indicate, that upon cooling, the 3619-cm_1 band 
decreases in relative intensity as the broad band at 3600-3200 
cm - 1 both increases in relative intensity and undergoes a 
bathochromic shift,40 Figure 3. Table I also lists the infrared 
vibrations observed for a 1.9 X 10 - 2 M solution of 2 in 
CCl4. 

a//-frans-Retinoic Acid (3). Room temperature electronic 
absorption spectra were recorded for nine solutions of 3 in CCl4 



Chihara, Waddell / All-Trans Isomers of Retinal, Retinol, and Retinoic Acid 2965 

I I I I I I I 

! 

J 
I 

i 

/" ;>N J 

i I i i i i 

3700 3600 3500 3400 3300 3200 3100 

WAVENUMBER, c m " ' 

Figure 2. Room temperature infrared absorption spectra of all-trans-
retinol in carbon tetrachloride solution: 1.9 X 1O-2 M (—), eight scans; 
4.7 X IO-2 M ( ), eight scans; 1.1 X 10"' M( ), four scans; 1.9 
X 10_1 M ( ), four scans. The intensities of these spectra were 
normalized to the 3036-cm-1 band (not shown). 

Table H. Electronic Absorption Spectral Data for all-trans-
Retinoic Acid 

concn, M a 

5.5 X IO"6 

1.1 X IO"5 

2.8 X IO"5 

5.5 X 10"5 

2.8 X 10"4 

5.5 X ICT4 

1.1 X 1O-3 

1.8 X IO"3 

5.5 X IO""3 

Xmax, nm J 

368 
368.5 
369 
370 
372 
373 
374 
374.5 
376 

<?398nm, M ' Cm 1 ^ 

30 000 
29 200 
26 500 
24 300 
23 800 
21 300 
20 200 
19 700 
19 200 

" Carbon tetrachloride solutions. b Room temperature, ±0.5 nm 
= 40 500 ± 500 M-' cm -1 for solutions up to 1.1 X 10~; 

^max 

M. 

ranging in concentration from 5.5 X 10~6 to 5.5 X 1O-3 M. 
Both Xmax and €398nm (calculated assuming no association) are 
dependent upon the varying retinoic acid concentration, 
whereby Xmax undergoes a bathochromic shift and e398nm de
creases in intensity with increasing retinoic acid concentration. 
The measured band width at half-height (h) decreases con
tinually from 5390 c m - 1 for the dilute solution to 4980 c m - 1 

for the concentrated retinoic acid solution. Table II is a sum
mary. It is also observed that upon addition of ca. 10% (by 
volume) anhydrous ether to the CCU solution a hypsochromic 
shift occurs for the first band maximum, Amax

 = 360 nm. 
Similar electronic absorption spectral results are observed for 
3MP solutions of 3 at room temperature, namely, the variation 
in Xmax, e, and h with retinoic acid concentration.41 

Infrared absorption spectra were recorded at room tem
perature for four solutions of 3 in CCU ranging in concentra
tion from 3.8 X 10~3 to 3 X 10~2 M. Infrared spectral differ
ences are observed for the four retinoic acid solutions, the most 
notable of which are for bands at 3538, 3400-2400, 1722, 
1680, and 1102 c m - ' that have relative intensity changes with 
varying concentration of 3, Figure 4. Similar spectral changes 
are observed for a solution whose infrared spectra are recorded 
at room temperature (28), 0, and —20 0 C. The infrared spec
trum recorded as an evaporated film on a NaCl plate does not 
exhibit bands at 3538, 1722, and 1102 cm - 1 . Table I lists the 
infrared vibrations observed for a 3.8 X 10 - 3 M solution of 3 
in CCI4. 

3500 3400 3300 

WAVENUMBER, cm" ' 

Figure 3. Infrared absorption spectra of a 1.9 X 10_1 M carbon tetra
chloride solution of all-trans-ret\no\ at 28 (—), 0 ( ), and -20 0C 
( ). Each spectrum is the average of four accumulated scans. The 
intensities of these spectra were normalized to the 3036-cm-1 band (not 
shown). 

I I I I I I I I I I I T 

2900 2700 2500 ~" ITOO 160O-

WAVENUMBER, cm" ' 

Figure 4. Infrared absorption spectra of a//-(ra«s-retinoic acid in carbon 
tetrachloride solution: 3.8 X 10-3 M ( ), 48 scans; 3.0 X IO-2 M 
(—), 6 scans. Intensities were normalized to the 1575-cm_l band. 

Discussion 

a//-frans-Retinal (1). The most notable result to be drawn 
from the electronic and vibrational spectral studies of all-
trans-retinal in carbon tetrachloride solutions is that no positive 
evidence exists for any molecular association in the 5 X 10~6 

to 10_1 M concentration range at room temperature. Based 
solely upon electronic absorption spectral studies, it may be 
possible to extend this result to the hydrocarbon solvent 3-
methylpentane since the spectral behavior of 1 in the two 
nonpolar solvents parallels. This conclusion is contrary to that 
reached by Moore and Song29 based upon electronic absorption 
and fluorescence spectral measurements; however, fluorescence 
measurements were made at 77 K, a temperature at which 
Takemura and co-workers15 also provide fluorescence spectral 
evidence for the existence of dimers of all-trans-ret\na\. Fi
nally, Fugate and Song16 report fluorescence lifetime data 
measured at 77 K in which <pp, but not Tp, was found to vary 
with excitation wavelength. The invariance of Tp with excita
tion wavelength suggests that one emitting species is present. 
A one-species emission is consistent with the results of Tak
emura and co-workers,15 who conclude that the monomer of 
all-trans-retirm\ does not fluoresce (in non-hydrogen-bonding 
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Table III. Thermodynamic Data for the Molecular Association of 
a//-//-an.s-Retinol and a//-//-arcs-Retinoic Acid0 

molecule 

all-trans-reunol 

all-trans-ret\no\c 
acid 

t, 0C6 

28 
0 

-20 
28 

0 
-20 

K, M-' 

2.2 ± 1.0 
3.2 ± 1.2 
7.0 ± 1.5 
HOO^ 

3900 
11 000 

-AG0 , 
kcal/mol 

0.48 
0.63 
0.98 
4.2 

4.5 
4.7 

-AH0, 
kcal/mol 

2.1 ±0.7 

7.7 

o Carbon tetrachloride solutions. b ±1 0C.c K = 1000 ± 300 M-1 

from the electronic absorption spectral data; K ~ 104 in 3MP based 
upon electronic absorption spectral data (ref 12). 

solvents), but that the dimer is an emitting species. Our result, 
that all-trans-rz\ma\ does not associate in nonpolar solvents 
at room temperature, is not inconsistent with conclusions based 
upon fluorescence studies since these latter studies were made 
at 77 K. 

a//-frans-Retinol (2). Electronic absorption spectral data 
failed to substantiate the occurrence of a concentration-de
pendent phenomenon for nonpolar solutions of a//-fran.s-retinol 
at concentrations less than approximately 5 X 10 -3 M. Al
ternatively, room temperature infrared spectral data indicate 
that three bands are particularly sensitive to varying retinol 
concentration ([2]). They are the 3619-, ca. 3400-, and 961-
cm_l bands, which are readily assigned as arising from an 
O-H stretching vibration of the nonassociated (monomeric) 
and associated forms of the alcohol and its C-O stretching 
vibration,33,34 respectively. The relative intensity of the 
3619-cm_1 band decreases with increasing [2] while that of 
the broad 3400-cm"1 band increases with increasing [2], 
Figure 2. The relative intensities of the remaining infrared 
bands are essentially unaffected by changes in the retinol 
concentration. 

Similar spectroscopic behavior is also observed for a solution 
of all-trans-retinol in which the infrared spectra are recorded 
at various temperatures. However, one difference is that the 
broad band that maximizes at 3440 cm -1 in the room tem
perature spectrum of 2 undergoes a notable bathochromic shift 
as the temperature is decreased. At 0 and —20 0C, the band 
maximizes at 3330 and 3300 cm -1, respectively, Figure 3. 

From the relative intensity changes observed for the O-H 
stretching vibration due to the associated and nonassociated 
forms of all-trans-rctinol with varying concentration and 
temperature, it is possible to calculate thermodynamic values 
of the molecular association.42~44 The equilibrium constant 
(K), enthalpy change (A//0), and Gibbs free energy change 
(AC0) were estimated using eq 1-4. 

K = x(l - 2x)-2C- (D 
where x denotes the molar fraction of the associated form of 
the alcohol and is equal to or less than 0.5C, C is the concen
tration of the sample (nonassociated) in moles/liter (M), and 
x is determined from 

( / A / / N ) ( A / N / A / A ) = x(l - IxY (2) 

at a constant temperature and specified concentration, /A and 
/N denote the integrated intensities of the associated and 
nonassociated O-H bands,40 respectively. A / N / A / A was es
timated by measuring the increase in /A and decrease in /N 
upon lowering the temperature. A//° and AG" were evaluated 
using the following equations: 

(8lnK/8T)p = AH°/RT2 

AG° = -RTInK 

(3) 

(4) 

The concentration change of the sample with varying tem
perature was taken into account. Table 111 is a summary. 

Although the infrared spectral measurements do not yield 
exact information on either the number of hydrogen bonds 
formed by each retinol molecule or the number of retinol 
molecules per aggregate, it is possible to gain insight into the 
structure of the molecular aggregate. For example, the absence 
of electronic absorption and certain vibrational absorption 
(C=C, C—C, or C—H) spectral changes at room tempera
ture with varying retinol concentration eliminates a molecular 
association for which a complete or partial "card-stacked" 
structure is present (for example, structure 5), since such 

structures would probably have an exciton interaction between 
the two w systems of sufficient magnitude to produce electronic 
absorption spectral changes, which are not observed. Alter
natively, the vibrational data require that the hydrogen and 
oxygen atoms of the alcoholic functional group participate in 
hydrogen bonding. Owing to the small value of the equilibrium 
constant for association (K), the molecular aggregate is 
probably composed of only a limited number of retinol mole
cules, for example, a dimer (6) or trimer (7). For a molecular 

rXr^x-A^-^^k^^o/" 

R > - H - o / R 

rk0..« 

R 

R = retinyl 

aggregate having a small equilibrium constant it is still possible 
to form trimers or tetramers.45 For example, methanol is 
thought to exist as a tetramer, ethanol as a trimer or tetramer, 
and tert-b\ity\ alcohol as a trimer.46 Also, it is thought that 
stronger hydrogen bonds are formed for a cyclic structure.47 

The thermodynamic data indicates that dimer formation is 
reasonable; however, if trimers are the only aggregates, K is 
calculated to decrease with increasing retinol concentration. 

The spectral broadness and shift in the position of the O-H 
stretching frequency due to the associated species observed for 
the room temperature vibrational spectra at varying [2] clearly 
indicate the complex nature of the molecular aggregate. In
deed, it is probable that dimers and trimers exist in an equi
librium mixture at room temperature,48 and/or dimers of 
varying conformations exist. The variable-temperature vi
brational data reveal a more pronounced bathochromic shift 
with lowering temperature. These spectral shifts may result 
from a population redistribution between dimers and trimers. 
Alternatively, it is possible that at the lower temperatures a 
conformational change results. For example, a "card-stacking" 
arrangement may occur in addition to hydrogen bonding. Such 
a geometric arrangement is thought to exist for all-trans-
retinol in low-temperature 3MP matrices." 

a//-fra/is-Retinoic Acid (3). From the electronic absorption 
spectral data (Table II), it is clear that some form of molecular 
phenomenon is occurring for all-trans-retinoic acid as its 
concentration ([3]) is varied in the carbon tetrachloride solu-
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tions. Room temperature infrared spectral measurements 
(Table I and Figure 4) reveal that in particular the bands at 
3538, 1722, and 1102 cm -1 are quite sensitive to the variation 
in [3], whereby their relative intensities decrease with in
creasing retinoic acid concentration. These bands may be 
readily assigned as the O—H, C=O, and C—O stretching 
vibrations of the nonassociated (monomeric) form of the car-
boxylic acid,33'34 respectively. Additional stretching 
frequencies of retinoic acid in the more concentrated solutions 
are observed at 3400-2400, 1680, and 1343 cm-1, respectively. 
These bands increase in relative intensity with increasing [3]. 
Thus, the molecular phenomenon is a molecular association, 
probably dimer or trimer formation. The vibrational data then 
implies that the molecular phenomenon that causes the elec
tronic absorption spectral changes for the more dilute CCU 
solutions is also a molecular association. In addition, the rel
ative intensities of the other infrared vibrations are essentially 
unaffected by the variation in retinoic acid concentration. 
Similar spectral results are observed when a room temperature 
solution is cooled to 0 0C and then to —20 0C, with infrared 
spectra recorded at all three temperatures. 

From the infrared intensity changes observed for the O—H 
and C=O stretching vibrations of the associated and monomer 
bands with temperature, K, AH0, and AG0 for aggregation 
of a//-/ra/w-retinoic acid were estimated using eq 1-4. K, the 
equilibrium constant, was also evaluated from the electronic 
absorption spectral data. Table III is a summary. These ther
modynamic parameters are similar to those estimated for 
a/7-frart.s-retinoic acid ba^ed upon absorption and fluorescence 
spectral measurements in 3MP12 and to those of benzoic acid 
in nonpolar solvents as determined by infrared spectros
copy.49 

Utilization of the experimental data to construct a geometry 
for the retinoic acid molecular aggregate must include the fact 
that relative intensity shifts are observed for the O—H, C=O, 
and C—O stretching vibrations with changes in [3] and tem
perature, but that the relative intensities of the C=C, C—C, 
C—H stretching vibrations do not change appreciably with 
[3]. Structure 8, a cyclic dimer in which an eight-membered 

, 0 -H- ' 'O . 

0 " - H - O 

8 

ring is formed, is proposed to account for the observed spectral 
characteristics, including the hypsochromic shift in the C-O 
stretching vibration upon dimer formation.33 Recall that a loss 
in relative intensity of the 1102-cm-1 band is observed with 
increasing all-trans-retmo'ic acid concentration. Carboxylic 
acids are generally assumed to form cyclic dimers in nonpolar 
solvents,50 although it has been suggested51 that they may exist 
as an equilibrium mixture of open-chain and cyclic struc
tures. 

Summary 

The absence of electronic and vibrational absorption spectral 
changes with varying all-trans-ret'ma\ concentration implies 
that a molecular association phenomenon is not occurring at 
room temperature in nonpolar solvents. Although the electronic 
absorption spectral characteristics of all-trans-retmol do not 
vary with concentration in the 10~6-10-3 M range, vibrational 
spectra recorded in carbon tetrachloride solution at polyene 
concentrations of up to 1O-1 M provide positive evidence for 
molecular association. The nature of the molecular aggregates, 
which result from intermolecular hydrogen bonding, depends 
upon the polyenes concentration and the temperature. At room 
temperature, it is thought that an equilibrium mixture of di
mers and trimers exists, and at lower temperatures exciton 

interactions may also occur between these aggregate compo
nents, all-trans-Retinoic acid is thought to form a tail-to-tail, 
cyclic dimer involving two hydrogen bonds per aggregate. The 
calculated thermodynamic values for the association of retinoic 
acid are similar to those of benzoic acid measured in nonpolar 
solvents. 
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Introduction 
The anion that results when a 5-substituted tetrazole's 

tautomeric ring proton is attacked by a base has been found 
to possess two bonding modes (Ni vs. N2) that are virtually 
energetically equivalent.2 

R R R 
I R 1 JL 

Te t razo le r i n g numbering scheme 

Consequently, linkage isomers have been reported in solu
tions of 5-substituted tetrazolato ions coordinated to any of a 
number of transition-metal centers.3^4 Treatment of this type 
of anion either as a sodium salt or a transition-metal complex 
with alkylating agents always produces mixtures of 1,5- and 
2,5-disubstituted tetrazoles3,5-12 in relative amounts that are 
affected by the electronegativity and size of the 5 substitu-
ent.6" The family of tetrazoles is economically important 
because of the many practical applications of both a biologi
cal ' 3-2° and nonbiological21 nature found for its members. For 
disubstituted tetrazoles, a major subclass with mainly me
dicinal and pharmacological applications, activity is usually 
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isomer dependent and requires separation procedures that may 
be difficult and costly. This is particularly true if the 1,5 isomer 
is the active one13'16'17 because steric restrictions generally 
cause it to be formed in lower yield5-12 than the 2,5 isomer. 
Thus far no successful method has been found for directly or 
indirectly producing the 1,5 isomer as the exclusive product. 
Blocking of the N2 position by a /er?-butyl group has been 
attempted but the Ni position was also attacked even when the 
5 substituent was relatively bulky.22 Kozima et al.8 did obtain 
high selectivity in formation of the 1,5 isomer by blocking the 
2 position with tri-n-butyltin prior to alkylation but the 2,5 
isomer was still formed in about a 10% average yield. 

Marzilli et al.23 prepared complexes of the type PBu3-
Co(DH) 2pur, where pur is the anion of a purine-type base such 
as xanthine, and showed that the heterocyclic base was re-
giospecifically coordinated at the least hindered of two possible 
nitrogen bonding sites. Alkylation of the xanthine complex 
cleaved the heterocycle to yield an alkylated purine and hal-
ocobaloxime according to the equation 

PBu3Co(DH)2pur + RX — PBu3Co(DH)2X + R-pur (1) 

Identification of the alkylated ring site led to a deduction of 
the bonding mode in the purine complexes. The similarities in 
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Abstract: A series of complexes of the type («-Bu3P)Co(DH)2(5R-tetrazolate) (DH is the monoanion of dimethylglyoxime; 
R = CF3, CH3, C6Hs, C6H5CH2, (CHs)2N, 4-FC6H4, and 3-FC6H4) have been prepared and characterized by conductance 
studies, elemental analyses, and 1H, 13Cj1Hj, 31Pj1Hj, and 19F NMR spectroscopy. Quantum-mechanical calculations 
(MINDO/3) indicate that the N] nitrogens of the aromatic tetrazolate anion are slightly more nucleophilic than the N2, yet 
in each complex the ambidentate tetrazolate anion is coordinated to cobalt via the N2 nitrogen, showing that regiospecific coor
dination is sterically induced. This is in marked contrast to tetrazole complexes of platinum and palladium wherein both Ni 
and N2 bound tetrazoles are found in approximately equal abundances. These cobalt complexes react with alkyl halides such 
as CH3I and C6HsCH2Br to produce exclusively 1,5-disubstituted tetrazoles. None of the isomeric 2,5-disubstituted tetrazole 
is detected in these reactions in marked contrast to the reactions of sodium tetrazolates or gold, palladium, or platinum tetrazo
late complexes with alkyl halides which produce mixtures of the 1,5- and 2,5-disubstituted tetrazoles. The crystal structure of 
n-Bu3PCo(DH)2(5-CF3-tetrazolate) was determined using three-dimensional X-ray diffraction techniques. The molecule 
crystallizes in the orthorhombic space group Pbca in a unit cell of dimensions a = 12.040 (2) A, b = 21.531 (3) A, c = 23.536 
(4) A, Pcaicd — 1.368 g/cm3, Pobsd — 1.374 g/cm3. Refinement converged to 5.4% with 2525 independent reflections. The tetra
zolato ring is coordinated to cobalt via N2 and is planar. The Co-P bond (2.263 A) is one of the shortest observed in 
LCo(DH)2X structures. The acute dihedral angle between the planes of the two glyoximato groups (10.4°) is among the larg
est dihedral angles observed in structures of this type. Surprisingly, the tetrazolato ring does not lie in the fold of the two glyoxi
mato rings but is nearly normal to it. Thus, the regiospecificity of the alkylations of the coordinated tetrazolate with alkyl ha
lides is sterically promoted. 
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