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A B S T R A C T

The microwave rotational spectrum of 1-ethylsilacyclopentane has been observed using chirped-pulse, Fourier 
transform microwave spectroscopy and has been reported for the first time. The lowest three energetic con
formers were observed and fit to a Watson S semirigid Hamiltonian to within experimental accuracy. The 
quantum chemical calculations are all within ≈1% of the determined rotational constants, providing confidence 
that they are accurate representations of the experimental structure. Centrifugal distortion terms DJK and DK, 
although seemingly large, have been determined to be physically meaningful as no apparent evidence such as 
splittings in the spectrum or transition broadening was observed. A second moment analysis was undertaken and 
compared to similar silacyclopentanes, but it is not clear if this species follows previously determined trends.   

1. Introduction

The authors, in recent years, have undertaken investigations into the
rotational spectroscopy of a series of silicon-containing molecules for 
the purposes of understanding the differences in the structure of these 
molecules from their all-carbon counterparts.[1–7] Studies of these 
systems have led to interesting physiochemical results like ring puck
ering motions, planar vs. nonplanar ring structures, or C2 symmetry in 
straight-chain alkane species where one may expect C2v. The results 
often support the understanding that silicon-containing molecular 
structures are uniquely different from their all-carbon counterparts. 

With regards to these studies, we have specifically focused a few 
projects on the molecular structure and conformations of molecules with 
functional groups attached to the silicon in the ring molecule silacy
clopentane.[1,2] While each of these systems has shown a unique, 
sometimes unexpected attribute, the basic structure of the ring portion 
of these molecules has been found to be similar using second moment 
analysis of the determined rotational constants. In this work, we extend 
these studies to include the microwave spectra of multiple conformers of 
1-ethylsilacyclopentane. This represents the first known report of the
molecule’s rotational spectra and was achieved utilizing the chirped- 
pulse, Fourier-transform microwave (CP-FTMW) spectroscopic tech
nique. Analysis, discussion, and conclusions regarding the spectrum and
structure are aided by and compared to quantum chemical calculations

and second moment analysis. 

2. Quantum chemical calculations

All calculations for 1-ethylsilacyclopentane were performed using
the Gaussian16 program suite.[8] Because we believed the molecule 
would have its lowest energy conformation in the equatorial position 
like many all-carbon ring analogues, we performed an optimization of 
this structure at the B3LYP-D3BJ/Def2TZVP level. This will be called 
equatorial 1 in the manuscript. This structure is presented in the ab-, ac-, 
and bc-principal axis planes in Fig. 1. The ethyl group is pointed toward 
one of the CH2 groups coming off the silicon atom. 

Just like all-carbon ring analogues, however, we expected there to be 
other low energy conformations - particularly an axial conformation. 
Therefore, we performed an optimization of the axial structure at the 
same level. This conformation has the ethyl group completely pointed 
up and away from the ring with the hydrogen on the silicon and the 
concluding methyl group of the ethyl ligand slightly less than 180◦

apart. This structure is presented in Fig. 2. The surprising result of this 
calculation was that it was significantly lower in energy than the 
equatorial 1 conformer result by 64.6 cm−1. This result prompted an 
energy scan of the C(1)-Si-C(15)-H(17) dihedral angle. This scan is 
presented in Fig. 3. 

This scan provided the confirmation that the axial conformation was 
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the lowest in energy, but also presented a new piece of information. That 
there was a second equatorial position where the ethyl group pointed 
toward one CH2 group on the silicon ring was distinctly different in 
energy than that of it pointed toward the other CH2 connected to the 
silicon atom. The two equatorial conformations were very similar in 
energy, rotational constants, and dipole moments (see Table 1), though, 
so it was originally assumed that they were the same structure. How
ever, analysis of the spectrum would show that this wasn’t the case and 
that the conformations were indeed different. This will be discussed 
more in the Results and Analysis section. Therefore, a proper optimiza
tion of this structure at the B3LYP-D3BJ/Def2TZVP level was under
taken for what will be called equatorial 2 throughout the manuscript. 
This structure is presented in Fig. 4. All optimization parameters are 
presented in Table 1. 

3. Experimental methods 

3.1. Synthesis 

Synthesis of 1-ethylsilacyclopentane was carried out at the College of 
Charleston. A stepwise scheme for the synthesis is found in Fig. 5. Pre
liminary basis for this synthetic pathway can be found in the literature. 
[2,9] The sample of 1-ethylsilacyclopentane was prepared by the 
coupling of the double Grignard of 1,4-dibromobutane in dry diethyl 
ether to ethyldichlorosilane in dry diethyl ether and refluxed overnight. 
The product, 1-ethylsilacyclopentane, was obtained by filtration and 
washing the solid twice with dry diethyl ether. The diethyl ether was 
distilled under reduced pressure 100 Torr to 30 mL and then an equal 
volume of pentane was added to the ethereal solution. Soluble magne
sium halides were precipitated and filtered using a sintered glass funnel 
under dry nitrogen. The diethyl ether and the pentane were separated 
using trap-to trap distillation and the compound 1-ethylsilacyclopentane 
was trapped in a bulb at −60 ◦C and characterized by NMR. 1H NMR 
(400 MHz, CHCl3): δ (ppm) 3.95 (h, J = 2.96 Hz, SiH = 1), 0.99 (multiple 
t, J = 8 Hz, 2 CH2), 0.65 (m, J = 1.68 Hz, 5H). 13C NMR (400 MHz, 
CDCl3): δ (ppm), 27.52, 8.65, 8.30, 4.48. 29Si NMR (400 MHz, CHCl3): δ 
(ppm) 4.21. 

3.2. Spectroscopy 

The microwave experiments were carried out at Missouri University 
of Science and Technology (Missouri S&T) using a multi-antenna 
detection, chirped-pulse, Fourier-transform microwave (MAD-CP- 
FTMW) spectrometer in the standard CP-FTMW orientation. The details 
of this spectrometer are reported elsewhere.[10–12] 1-ethylsilacyclo
pentane was liquid at ambient temperature and pressure. A heated 
nozzle with a sample reservoir, designed to fit on the end of a ParkerTM 

Series 9 solenoid valve, was set to 31 ◦C to ensure that a reasonable 
amount of sample was present in the vapor phase above the liquid. 
[13–15] Argon was used as a backing gas at 20 psig (approximately 2.4 
atm absolute pressure). The sample was then introduced into the 
chamber via a pulsed, free-jet expansion at a rate of 3 Hz with 3 free 
induction decays (FIDs) per gas pulse. 4 μs chirps over the 5–19 GHz 
range was utilized. The FIDs were 20 μs in length, and 146,694 FIDs 
were collected and averaged. The sample provided was completely 
exhausted during the experiment. 

Fourier transformation of the averaged FIDs was performed with 
Kisiel’s FFTS program using a Bartlett windowing function.[16] An 
example of the resultant spectrum is presented in Fig. 6. Typical line
widths for the spectra were 70–80 kHz (FWHM) with an attributed 10 
kHz uncertainty for the line centers. Line center measurements are made 
through a mathematical routine of the AABS package that automatically 
reports the transition to 4 decimal places, which is used directly in the 
spectral fitting process.[17,18]. 

Fig. 1. The equatorial 1 conformation of 1-ethylsilacyclopentane in the ab-, ac-, 
and bc-planes. 

Fig. 2. The axial conformation of 1-ethylsilacyclopentane in the ab-, ac-, and 
bc-planes. The labelled atoms in the ab-plane represent the scanned dihedral 
atoms referred to in Fig. 3. 

Fig. 3. Potential energy scan of the C(1)-Si-C(15)-H(17) dihedral angle of 1- 
ethylsilacyclopentane at the B3LYP-D3BJ/Def2TZVP level. The starting dihe
dral angle is −173.778◦ with subsequent points taken 10◦ apart. There are three 
distinct energy minima with the ethyl group in the axial position being the 
lowest energy. The lowest energy is the axial conformer (at point 0) and 
equatorial 1 has the terminal methyl group of the ethyl ligand 120◦ clockwise 
and equatorial 2 has the methyl group at 240◦ clockwise. 
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4. Results and analysis 

The spectrum of 1-ethylsilacyclopentane was assigned using Kisiel’s 
AABS package used in conjunction with Pickett’s SPFIT/SPCAT program 
suite in the Ir representation. [17–19] Transitions were assigned from 
5.7 to 19.1 GHz. A semirigid, Watson S-reduced Hamiltonian was 
employed for fitting.[20] All rotational constants and quartic centrifugal 
distortion constants were determined for all three conformers. As ex
pected from quantum chemical calculations, the spectra were predom
inantly c-type for all conformers with observation of a few a- and b-type 
transitions in the axial conformation. Isotopologues of the conformers 
were not identifiable in the spectrum. Determined parameters for each 
conformer are presented in Table 1 with quality of fit details and 
assigned transition quantum numbers being reported in the Supporting 

Information. 
Fig. 6 shows the relative scaled intensities of the transitions for all 

three conformers using the heated (31 ◦C) temperature as a scaling 
factor in a Boltzmann distribution. Due to our original expectation that 
the equatorial conformation was lowest in energy, it was assigned first. 
As such a search for the equatorial 1 conformer was undertaken using 
the optimized rotational constants and dipole moment component 
values from Table 1 as a starting point. Patterns of strong c-type, R- and 
Q-branch transitions emerged, providing for unambiguous assignment. 
In all, 66 transitions were assigned to the semirigid Hamiltonian with a 
microwave RMS of 7.8 kHz. 

After assignment of the equatorial 1 conformer, however, and the 
realization that the axial was lower in predicted energy, the assigned 
equatorial 1 transitions were subtracted from the spectra using Kisiel’s 
AABS software and a search for axial conformer transitions was under
taken using the optimized rotational constants and dipole moment 
component values from Table 1 as a starting point. A pattern of strong c- 
type, R-branch transitions for the axial conformer were immediately 
present in the spectrum, allowing for its unambiguous assignment. In 
addition to these, however, and one of the largest distinctions in the 
axial and equatorial conformers’ spectra is the presence of a- and b-type 
transitions in the axial conformation due to the larger dipole compo
nents in the a- and b- principal axes. These additional transition types, 
along with the lower energy of the conformation, resulted in 132 tran
sitions being assigned with a microwave RMS of 11.2 kHz. 

As mentioned previously, equatorial 1 and 2 were not immediately 
thought to be different conformations due to the similarities in their 
calculated dipole moments despite there being differences in their 
calculated energy and rotational constants. After assignment of the axial 
and equatorial 1 conformations concluded, however, a search for the 
minor isotopologues of both conformers was undertaken. To do this, the 
process of subtracting the axial and equatorial 1 conformer transitions 
out using the AABS subtraction process above was utilized. When this 
was done, it was noticed that transitions remained that were much more 

Table 1 
Spectroscopic parameters for the observed conformers of 1-ethylsilacyclopentane compared to structure optimizations for the three lowest energy conformations of 1- 
ethylsilacyclopentane at the B3LYP-D3BJ/Def2TZVP level.  

Parameter Axial Equatorial 1 Equatorial 2 

Relative Energya / cm−1 0.00 64.6 75.4 
A / MHz 3202.6064(5)b 3189.3 3990.0353(6) 3999.0 4107.234(1) 4108.0 
B / MHz 1508.6093(2) 1505.7 1356.2812(2) 1345.9 1338.3345(3) 1330.2 
C / MHz 1438.8613(2) 1438.1 1171.2420(2) 1162.0 1157.6299(3) 1149.9 
DJ / kHz 0.594(2) — 0.3194(8) — 0.270(1) — 
DJK / kHz −2.048(3) — −2.171(5) — −1.262(7) — 
DK / kHz 3.97(1) — 7.83(3) — 5.84(9) — 
d1 / Hz −7.5(5) — −16.3(2) — −21.5(3) — 
d2 / Hz −4.4(1) — −2.07(9) — −3.7(1) — 
Nc 132 — 66 — 55 — 
Σd/ kHz 11.2 — 7.8 — 9.7 — 
|μa|a / D 0.17 0.03 0.03 
|μb|a / D 0.25 0.06 0.04 
|μc|a / D 0.40 0.55 0.55  

a Value taken from quantum chemical calculations. 
b Numbers in parentheses give standard errors (1 s, 67 % confidence level) in units of the least significant figure. 
c Number of observed transitions in the fit. 

d Σ is Microwave RMS and is defined as 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑[

(obs − calc)
2

]

N

√

where N is defined in footnote b.  

Fig. 4. The equatorial 2 conformation of 1-ethylsilacyclopentane in the ab-, ac-, 
and bc-planes. 

Fig. 5. The stepwise synthetic pathway for 1-ethylsilacyclopentane.  
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intense than the ≈4% intensity expected (see Fig. 6) due to the correct 
relative intensity aspect of the CP-FTMW technique. The patterns again 
were of strong c-type, R- and Q-branch transitions. In all, 55 transitions 
were assigned to the semirigid Hamiltonian with a microwave RMS of 
9.7 kHz. After assignment of these transitions, the optimized equatorial 
2 structure was revisited and it was noticed that the fit spectroscopic 
rotational constants were < 1 % that of the predicted rotational con
stants for the conformer, the types of transitions observed matched well 
to the predicted dipole moment component values, and the observed 
intensity and number of transitions assigned matched the predicted 
relative energy scaling at the experimental temperature. Therefore, it 
was concluded that this unknown conformer assigned belonged to the 
equatorial 2 conformation. 

5. Discussion 

Aside from the unexpected observation of the equatorial 2 confor
mation, it is important to discuss the spectroscopic fits and the structure 
of the molecule, especially in the context of similar species. The first 
item that was noteworthy was that the determined DJK and DK constants 
were unusually large for a molecule the size of 1-ethylsilacyclopentane. 
When these constants are unusually large, it is typically an indication of 
a large amplitude motion in the molecule or some other effect, dimin
ishing the physical meaningfulness of the value. An example of this in 
previous silicon-ring studies pertains to 1,1-difluorosilacyclopent-3-ene, 
where DJK was 5.76 kHz and there turned out to be splitting in the 
spectra despite not being able to clearly identify the source.[5] One test 
would be to plot centrifugal distortion terms against isotopologue fitted 
values as we have done in studies of other systems to assess how phys
ically meaningful a centrifugal distortion term may be, but we did not 
have the isotopologue data to perform this analysis.[7] That meant that 
the best experimental confirmation would have to be qualitative, so we 
looked for transition splittings in the spectrum. No such splittings or 
spectral broadening were observed despite quantum number assign
ments being reasonably high in J and K. This led us to conclude that 
these constants were probably reasonable and had physical meaning, 
but it is still possible that higher frequency or better resolved 

measurements of the species may exhibit splittings. 
The second item to note is the accuracy of the equilibrium structures 

in comparison to the experimental structure. Again, this is somewhat 
difficult to compare directly as only the parent isotopologues were 
observed for each conformer. However, comparing the equilibrium 
rotational constants to those of the experimentally determined values in 
Table 1, the differences are all on the order of 1 % or less, giving con
fidence that the structures presented in Figs. 1, 2, and 4 are accurate 
representations of the experimental structure. 

Lastly, it is important to characterize these experimental structures 
in terms of similar silacyclopentane species. However, like 1-ethylsilacy
clopentane, many other silacyclopentane derivatives do not necessarily 
have all the data needed to get accurate, individualized bond lengths 
and bond angles. To make these comparisons, then, another approach 
must be used. A very good, generalized comparison approach to mo
lecular structure can be achieved using the second moments approach of 
Bohn and coworkers.[21] Second moments are a measure of the out-of- 
plane mass distributions of a molecule in the principal axis system. So, 
Pcc measures the mass distribution out of the ab-plane and so on. 

Second moments (also called planar moments) have been collected 
and reported for this molecule and multiple other silacyclopentane 
species using Kisiel’s PLANM program and are presented in Table 2.[22] 
In the work of 1-chloromethyl-1-fluorosilacyclopentane, it was observed 
that the silacyclopentane ring exhibits a planar moment value (typically 
in Pbb) of approximately 80 uÅ2. However, no conformation of 1-ethyl
silacyclopentane is consistent with this trend, but the closest values to 
this lie in Pbb. To understand if this is due to the ring or just coincidental, 
refer to the visual representation of the quantum chemical calculations 
from this work provided in Figs. 1, 2, and 4. There is a similar twist on 
the carbons on the ring furthest from the silicon atom as there has been 
in the previous silacyclopentane derivatives. Furthermore, in all con
formers of 1-ethylsilacyclopentane, the ethyl group does stick out of the 
ac-plane, but not much, which would increase the value of Pbb. It is 
difficult to quantify how much this would affect Pbb directly, though, 
without making significant assumptions about the equality of the 
experimental and equilibrium structures which we are trying to keep 
separate. Because of this, it is not clear that the previous observation of 

Fig. 6. The 13–15 GHz portion of the collected microwave spectrum of 1-ethylsilacyclopentane. The predicted spectrum with scaled relative intensities at 304 K 
(31 ◦C) for axial, equatorial 1 and equatorial 2 is below. The predicted transition positions align well with the observed experimental spectrum. 

J.R. Glenn et al.                                                                                                                                                                                                                                 



Journal of Molecular Spectroscopy 399 (2024) 111872

5

80 uÅ2 holds for 1-ethylsilacyclopentane, despite the structure qualita
tively being similar. We are also in the process of analysing 1-ethyl-1-flu
orosilacyclopentane in order to see if a new value or trend is being 
formed. 

6. Conclusions 

The microwave rotational spectrum of 1-ethylsilacyclopentane has 
been observed and has been reported for the first time. The lowest three 
energetic conformers were observed and fit to a Watson S semirigid 
Hamiltonian to within experimental accuracy. The quantum chemical 
calculations are all within ≈1% of the determined rotational constants, 
providing confidence that they are accurate representations of the 
experimental structure. Centrifugal distortion terms DJK and DK, 
although seemingly large, have been determined to be physically 
meaningful as no apparent evidence such as splittings in the spectrum or 
transition broadening was observed. A second moment analysis was 
undertaken and compared to the previous observation of approximately 
80 uÅ2 representing the typical second moment contribution for a sila
cyclopentane ring, but it is not clear if this species follows that trend or is 
starting to exhibit a different trend. Studies of 1-ethyl-1-fluorosilacyclo
pentane are being undertaken in order to understand these differences. 
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