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The rotational transitions of 3,4-dihydro-l,2-pyran in the ground state and six vibrationally 
excited states have been assigned. The rotational constants for the ground state (A = 5198.1847(24), 
B = 4747.8716(24) and C = 2710.9161(24) have been derived by fitting fia, ßh and /<c-type transi-
tions. The dipole moment was determined from Stark displacement measurements to be 
1.400(8) D with its principal axis components na =1.240(2), nb = 0.588(10) and ßc = 
0.278(8) D. A model calculation to reproduce the ground state rotational constants indicates that 
the data are consistent with a twisted ring conformation. The average intensity ratio gives vibra-
tional separations between the ground and excited states of the ring-bending and ring-twisting 
modes of ~ 178 and ~ 277 cm - 1 respectively. 

Introduction 

The conformat ional behav iour of s ix-membered 

ring molecules has been of interest for many years. 

N M R . FIR, R a m a n and Microwave Spectroscopy, 

as well as Electron Dif f rac t ion , have been used to 

obtain informat ion on the molecular structure, con-

format ion, potential surface, d ipole moments , etc. 

3 ,4-Dihydro- l ,2-pyran is a member of the pseudo-

f ive-membered ring molecules in which one a-

methylene group of cyclohexene is replaced by an 

oxygen atom. Studies of the microwave spectra of 

cyclohexene [1, 2], 2,3-dihydro-p-dioxin [3] and 3,6-

dihydro-l ,2-pyran [4] have shown that the theoret-

ically proposed [ 5 - 9 ] half-chair or twisted conforma-

tion is the most stable one for cyclohexane deriva-

tives. 

F IR [10] and R a m a n [11] spectra of 3,4-dihydro-

1,2-pyran have been analyzed on the basis of two 

highly coupled low f requency vibrat ions corre-

sponding to the out -of -p lane modes r ing-bending 

and ring-twisting (see Fig. 1) in a s imilar way as in 

the case of h indered pseudorota t ion in cyclopenta-

none [12]. The resultant two-dimensional potential 

surface leads to values of the barr iers to ring 

planarity and interconversion of the stable twisted 

form of 6160 and 2340 c m - 1 , respectively, as well as 

a twist angle z of 51.04°. It involves that the in-
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version process occurs through a metas table bent 

form, rather than through the p lanar configurat ion. 

According to the potential surface this bent form is 

352 c m - 1 less stable than the twisted one. 

The barrier to interconversion is in good agree-

ment with that obtained in a previous study of the 

tempera ture dependence of the N M R spectrum of 

3,4-dihydro-l ,2-pyran (2308 c n r 1 ) [13]. 

We report a full analysis of the rotat ional spec-

t rum of 3 ,4-dihydro- l ,2-pyran in the ground and ex-

cited states of the ring vibrat ional modes. We estab-

lish conclusively from the ground state rotational con-

stants a twisted equi l ibr ium conformat ion for this 

molecule. The analysis of the excited states of the 

bending and twisting modes has provided interesting 

informat ion about the skeletal ring modes. These 

results are also compared with those of cyclohexene 

[2], 2,3-dihydro-p-dioxin [3, 10, 11] and 3,6-dihydro-

1,2-pyran. 

A prel iminary microwave study has been done by 

Sheridan [14], but no data have yet been reported. 
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Experimental 

The sample of 3 ,4-dihydro- l ,2-pyran was sup-

plied by Aldrich Chem. Co. and was used without 

fu r ther purif icat ion. The microwave spectrum was 

investigated in the K-band region (18.8 to 26.5 GHz) 

by using a HP-8460 A M R R Spectrometer with a 

Stark modula t ion f requency of 33.3 kHz. The fre-

quency accuracy was est imated to be better than 

± 0.05 MHz. All observat ions were taken at room 

tempera tu re with sample pressures in the range 

1 0 - 5 0 / / . In the de te rmina t ion of the electric dipole 

moment , all ground- to-base voltage measurements 

were m a d e using a HP-3469 B digital voltmeter. The 

a r rangement of the rad io- f requency microwave 

double resonance ( R F M W D R ) has been made in 

our laboratory and it is a modi f ica t ion of the system 

used by Wodarczyk and Wilson [15]. 

Ground Vibrational State 

Prel iminary rotat ional constants of the twisted 

and bent conformat ions of 3 ,4-dihydro-l ,2-pyran 

were calculated by assuming structural parameters 

taken from 2,3-dihydro-p-dioxin [3] and cyclohexene 

[2], These calculations indicated that 3,4-dihydro-

1,2-pyran is a near asymmetr ic oblate (x ~ 0.6) with 

a- and 6-type transit ions expected to be dominant . 

Experimental ly, the rotat ional spectrum of the 

twisted conformer was only detected. 

The dominan t fea ture of the spectrum is an over-

lapping between a- and b-type double Q-branch 

series. The branch heads, which are transitions of 

the a- type J 2 J - \ -*� JQ,J, J\,J-\ J\J and 6-type 

Ji,j-\~*J\J, J\,J-\ Jo,j, occur at intervals of 

4.50 GHz. AK.X = 0 o-type sub-branch and the cor-

responding K-X + K+i = J + 1 K-\ + K+\ =J + \ 

b-type sub-branch proceed continuously to lower 

f requencies with increasing J, but the AK-\ = 2 

tf-type sub-branch and the corresponding A l ] + K+] 

= J <-> K+\ = J 6-type sub-branch show de-

creasing f requency down to a value of J f rom which 

the f requency starts to increase. These series were 

assigned by their characterist ic Stark effect. A 

careful study of this series shows that the a- and 

b-type lines become resolved with increasing J , the 

o-type series being the stronger one. 

F rom these f requencies good values of j{A-C) 

and x were obta ined. The R-branch assignment was 

obtained by ident i fying the 40,4 *- 30 - 3 , 4, 4 3 1 3 

transitions, split by 5.7 MHz, and the 30.3 20.2, 

3] 3 <- 2),2 t ransit ions split, by 60.4 MHz, by means 

of the expected mir ror image Stark pattern. These 

transitions were easily assigned by scanning at low 

Stark voltage. This assignment was also conf i rmed 

by R F M W D R . Fur the r a-, b- and c-type R-branch 

transitions were then assigned. The c-type lines are 

much weaker in intensity and a l though some of 

them were observed, it was possible to measure only 

two of them because of the high density of the spec-

trum. 

The ident i f icat ion of many high-F (J ^ 35) of R-

and Q-branch transit ions has allowed the centrifugal 

distortion analysis of the spectrum. A Watson- type 

[16] t reatment , using the III / representat ion [17], has 

been used to take the centr i fugal dis tor t ion effect 

into considerat ion. The effect ive rotat ional constants 

as well as the quar t i c distort ion coefficients are 

collected in Table 1. (The list of the measured 

frequencies as well as their deviat ions f rom those 

calculated by using the constants of Tables 1 and 5 

can be obta ined f rom the authors on request .) 

Dipole Moment 

To de te rmine the dipole moment . Stark effect 

measurements were m a d e on ten components be-

longing to four transitions. These components are 

relatively free f r o m interferences and were observed 

to have a strictly second order Stark effect. The 

Stark coefficients were calculated by the method of 

Golden and Wilson [18]. The electric field strength 

in the absorpt ion cell was cal ibrated using the 

M = 1 and M = 0 componen ts of the 2 <— 1 tran-

sition of O C S with a dipole moment of 0.71521 D 

Table 1. Rotational constants (MHz), principal inertial 
moments (amu A2) and centrifugal distortion constants 
(kHz) for the ground vibrational state of 3,4-dihydro-
1,2-pyran. 

A 5198.184 (2) AJ 1.4(1) 
B 4747.871 (2) AJK -2.149 (2) 
C 2710.916 (2) AK 1.11 (1) 

h 97.2222 (1) BJ -0.0835 (2) 

h 106.4433 (1) H 1.613 (3) 

Ic 186.4237 (1) 0.020 

AQ= LC~ Ia~ H -17.2418 (2) N d 156 

a Conversion factor = 50 5379.1 MHz amu A2. 
b Standard errors in parenthesis on the last digit. 
c Standard deviation of the fit. 
d Number of measured transitions. 
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Table 2. Correlation matrix for the ground state. 

A 1.0000 
B 0.9729 1.0000 
C 0.9669 0.9985 1.0000 
AJ 0.9249 0.9286 0.9255 1.0000 
AJK -0.0440 0.0374 0.0170 0.036 1.0000 

AK 0.1650 -0.0353 -0.0438 0.0368 -0.6946 1.0000 

TJ 0.0669 0.0225 -0.070 0.0420 0.7717 -0.1067 1.0000 
H -0.0434 -0.0200 0.0095 -0.0316 -0.7861 0.1756 -0.9566 

Table 3. Stark coefficients (105 MHz cm2 V - 2) and dipole 
moment components (D) for the ground state of 3,4-di-
hydro-l,2-pyran. 

Transition M Av/E
2 

observed calculated 

32i 2 22_ I 0 0.212 0.217 32i 2 22_ I 
1 2.199 2.216 
2 8.227 8.215 

32, I 22IO 0 0.171 0.174 32, I 22IO 
1 -2.135 -2.108 
2 -8.942 -8.954 

3I,2 2], I 0 -0.032 -0.035 3I,2 2], I 
1 -0.151 -0.154 
2 -0.501 -0.509 

22.o lo, I 0 -1.030 -1.036 

Correlation coefficients 

Ha 1.240 (0.002) 1.000 
Hb 0.588 (0.010) -0.922 1.000 
HC 0.278 (0.008) -0.929 0.915 1.000 
Mt 1.400(0.008) 

a Standard errors. 

[19]. The squared dipole moment components p2
a, p i 

and p2 were obtained f rom a least squares fit of the 

observed second-order coefficients Av/E2. The t ran-

sitions, Stark components , and coefficients are given 

in Table 3. The calculated total d ipo le m o m e n t is 

1.400(8) D. 

Molecular Structure 

The non-planari ty of the heavy atoms in the 

vibrational ground state is readily established f r o m 

the quant i ty A0= Ic — I a - Ib. If zero-point v ibra-

tional effects are neglected and a C - H bond length 

of 1.096 A and a te t rahedral angle of 109° 28' are 

assumed for the methylene group parameters , A0 = 

Ic — Ia — Ib can be calculated to be - 9 . 6 8 6 a m u A2 . 

The observed value of - 17.2418 a m u A2 must con-

tain an appreciable contr ibut ion f rom the ring 

Table 4. Plausible structural parameters3, observed, and 
predicted constants of 3,4-dihydro-l,2-pyran. 

Bond Length (A) Angle Value (°) 

o,-c2 1.405 b < 0 , C 2 C 3 123.4 b 

0 , - C 6 1.42 b < C2C3C4 123.3 b 

C 2 - C 3 1.338 b < C3C4C5 110.3 b 

C 3 - C 4 1.51 b <c60,c2 111.6b 

C4—C5 1.53 b < HCH 109 b 

C 5 - C 6 1.516° e 17.0c 

C - H 1.09 b 
<p 14.8° 
T 30.5 

Rotational constants 

observed calculated 

A 5198.2 5201.7 
B 4747.9 4744.4 
C 2710.9 2709.2 

a Not a derived structure (see text). 
b Assumed values. c Fitted to MW data. 

atoms. The large di f ference between observed and 

calculated values can only be explained on the basis 

of a non-planar ring configurat ion. One fur ther 

a rgumen t is the non-zero value of the dipole moment 

componen t in the near out-of-plane direction, pc = 

0.278(8) D. This component would be zero if the 

ring a toms were coplanar. 

Whi le a complete structure cannot be obta ined 

f rom the available data , the molecular conformat ion 

can be specified reliably because of the rotational 

constants alone are sufficient to el iminate conforma-

tions other than the twisted form (see Figure 2). 

Based on the l imited experimental data , a n u m b e r 

of assumpt ions are required in order to extract some 

of the gross structural features: 

(1) Structural parameters were taken f rom related 

molecules such as cyclohexene [2] and 2,3-dihydro-

p-dioxin. 

(2) The atoms 0 1 ? C 2 , C 3 , C 4 and the hydrogens 

associated with the ethylene group are coplanar. 
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Fig. 2. The twisted conformation for the 3,4-dihydro-l,2-
pyran molecule giving the numeration of the ring atoms. 
Definition of the 0 and <p angles. 

(3) All the < H C H angles associated with the 

methylene groups are equal and the CH 2 p lane 

bisects the < C C C and < C C O angles. 

(4) All the C - H bond distances are assumed to 

be equal and the hydrogens associated with the 

ethylene group lie in the bisector of < C 4 C 3 C 2 and 

< c 3 c 2 o , . 

With these assumptions the 6 and cp angles be-

tween the C4C5 and 0 ] C 6 bonds and their projec-

tions on the O i C 2 C 3 C 4 plane (see Fig. 2) were fitted 

to the experimental rotational constants. The struc-

tural parameters and rotational constants are sum-

marized in Table 4. These parameters , though not 

necessarily unique, reproduce the rotational con-

stants qui te well. The twisted angle r between the 

C 5 C 6 and C 2 C 3 bonds for this structure is 30.5°. 

Similar calculations were made with the bent 

form, but it was impossible to reproduce the experi-

mental rotational constants with acceptable devia-

tions. 

Vibrationally Excited States 

The vibrat ional satelli tes corresponding to the low 

f requency skeletal r ing modes would be expected to 

be the most p rominen t ones in the excited states 

spectrum, according to the FIR and R a m a n spectra 

(10. 11). By far the mos t intense excited states are 

observed at f requencies close to those of the ground 

state transitions, and these form the basis of well-

def ined progressions, related both by essentially 

constant f requency increments and by steady dimi-

nution of intensity. F r o m considerations of intensity 

and re la t ionship discussed below, these families 

were assigned to successive quanta of the ring-

bending and ring-twisting vibrations, vb and vt, re-

spectively. The assignment was facil i tated by the 

Stark effect pattern and by using the R F M W D R 

technique. The vibrat ional satellite pat tern of the 

32-2 <- 2 2 J transition is shown in Figure 3. The lines 

are labeled by the vibrat ional state q u a n t u m num-

bers ( r t , vh) , where r t and r b refer to the serial 

q u a n t u m numbers of the ring-twisting and ring-

bending vibrations, respectively. 

Rota t ional constants and quart ic centrifugal dis-

tortion constants for the first and second excited 

states of the bending m o d e and for the first excited 

state of the twisting m o d e , were obta ined by using a 

model up to the first o rde r centrifugal distortion as 

in the case of the g round state. Measured transitions 

of the remaining assigned excited states were 

analyzed by using the rigid rotor model . Rotational 

parameters are collected in Table 5. The assignment 

to out -of -p lane ring m o d e s is suppor ted by a pro-

gressively more negative value of AV as V increases, 

a behav iour characterist ic of such vibrat ions [20]. 

Table 5. Rotational constants (MHz), AV = IC - IA - IB (amu A2), centrifugal distortion constants (kHz), standard devia-
tion of the fits (MHz), maximum value of J and number of measured transitions of the vibrational satellites. 

(0, 1) (0, 2) (0, 3) (1,0) (2, 0) (1,1) 

A 5188.976(4)a 5180.128(7) 5171.99(2) 5192.758(4) 5186.95(1) 5191.26(1) 
B 4750.833(4) 4753.550(7) 4756.03(3) 4743.592(4) 4739.47(2) 4746.19(3) 
C 2711.164(4) 2711.400(7) 2711.84(5) 2708.729(4) 2706.42(4) 2709.01(6) 
A V -17.3650 -17.4869 -17.6153 -17.2889 -17.3313 -17.2784 

AJ 0.8(2) -2.9(3) 1.3(2) 

AJK -2.144(3) -2.141(5) -2.152(4) 

AK 1.10(2) 1.11(3) 1.10(3) 
<5, -0.0785(2) -0.0743(3) -0.0829(4) 

1.165(4) 1.169(5) 1.657(7) 
A 0.023 0.031 0.210 0.024 0.166 0.176 

�̂ max 35 35 11 18 9 10 
N 135 113 17 90 17 16 

a Standard errors in parenthesis on the last digit. 
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Fig. 3. Microwave absorption spectrum of 3,4-dihydro-l,2-pyran (32 2 22 , transition). 

We under took the de te rmina t ion of the energy 

and the nature of these vibrations f r o m relative 

intensity measurements and their respective rota-

tional constants. Because of the possibility of inter-

ference with other lines and their Stark components , 

relative intensity measurements [21], in a rich spec-

t rum like this one, are diff icul t to make. T h e transi-

tions initially selected were those for which the 

corresponding ones were isolated f rom other lines. 

This analysis was only possible for the g round state 

and for the (0, 1), (0 ,2 ) and (1,0) excited states, 

because of the weakness of the satellites correspond-

ing to other excited states. The average relative 

intensities obta ined at room tempera tu re are shown 

in Table 6. A compar ison between the vibrational 

f requencies obta ined f rom FIR [10] spectroscopy 

(see Table 6) and those obta ined f rom microwave 

spectroscopy in this work shows that they are in an 

excellent agreement and conf i rms the microwave 

assignment. 

Table 6. Relative intensities in 3.4-dihydro-l,2-pyran 
vibrational satellites. 

0 ' t ' l b) / ( r t ' rb) Num- Average rel. Vibra- FIR fre-
ber intensity tional quen-
of tran- separation cies 
sitions (cm -1) (cm - 1)a 

(0. l)/(0.0) 22 0.42 (0.03)b 177(14) 177.2 
(0. 2)/(0. 1) ?6 0.43 (0.04) 172(18) 175.8 
(1.0)7(0.0) 20 0.26 (0.02) 274 (15) 280.1 

a Taken from Ref. [10], 
b Standard deviations in parentheses. 
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Fig. 4. Variation of rotational constants as a function of the 
ring-bending and ring-twisting vibrational quantum num-
bers. vb and t-t, respectively. 

Discussion 

The microwave spectrum of 3,4-dihydro-l ,2-

pyran shows the twisted conformer to be the most 

stable one for this molecule. This agrees with the 

conclusions obta ined f rom FIR [10] and R a m a n [11] 

spectrocopy. The est imated value of the twist angle, 

T = 3 0 . 5 o , is qui te s imilar to those determined in 

cyclohexene, r = 30.1° [2], 2,3-dihydro-p-dioxin, 

T = 29.9° [3] and 3 .6-dthydro- l ,2-pyran, r = 31.5° [4] 

f rom microwave spectroscopy. As in the case of 

2 .3-dihydro-p-dioxin [3, 10], this microwave value is 

in marked d isagreement with the FIR value of 

51.04° [10], ob ta ined by comput ing the value of the 

twist angle corresponding to the m i n i m u m of the 

potential surface. T h e origin of this discrepancy be-

tween microwave and FIR values of this angle is 

a t t r ibuted by Wells and Malloy [3] to the uncer-

tainty in he FIR value associated with the diff iculty 

of a precise knowledge of the dynamics of the vibra-

tion, which is very sensitive to the mot ion of the 

hydrogen atoms. A twisted fo rm for 3,4-dihydro-

1,2-pyran is consistent with the reduct ion of the ring 

angle strain and torsional forces about single C - C 

bonds that occur by reaching this conformat ion. A 

bent structure al lows one to reduce some of the ring 

angle strain but does not achieve a staggered con-

format ion of the O — C H 2 - C H 2 methylene groups. 

The linear var ia t ion of the rotat ional constants in 

the successive bend ing and twisting excited states 

(see Fig. 4) and ident if icat ion of the satellites 

without splitting in the excited states asigned prove 

that the barr ier to interconversion of the most 

conformer is high. The convexity of these curves 

would indicate a slight anharmonic i ty of these 

modes. The same conclusions can be reached f rom 

the almost equal vibrational separat ions between 

the lower states of the bending mode. This is 

consistent with the height of the barr iers to inver-

sion determined f r o m FIR (2430 c m - 1 ) [10] and 

N M R (2308 c m - 1 ) [13] spectroscopy, and with the 

FIR value [10] of the barrier to planarity (6160 cm - 1 ) . 

Several unsuccesful searches have been done to 

f ind the spect rum at t r ibutable to the metas table 

bent form predic ted to be present in about 18% 

abundance at room tempera ture f rom FIR spectros-

copy [10]. This va lue is an extrapolat ion of the 

potential surface as de termined f rom eigenvalues 

near the potential m i n i m u m , and consequently its 

uncertainty is m u c h greater than that of the barr ier 

heights de te rmined in the same way. This uncer-

tainty affects the re fo re the intensity of the lines cor-

responding to this predicted form. On the other 

hand , the sensitivity of the rotat ional spectrum to 

the assumed structural pa ramete rs and the high 

density of the observed spect rum renders these 

searches very dif f icul t . However, we cannot rule out 

the presence of this metastable bent form on the 

basis of our results. 
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