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Publishi8gructure of fenchone by broadband rotational spectroscopy
Donatella Loru, Miguel A. Bermudez and M. Eugenia Sanz

Department of Chemistry, King’s College London, London SE1 1DB, UK

The bicyclic terpenoid fenchone (CioH;60, 1,3,3-trimethylbicyclo[2:2.1]heptan-2-one) has been
investigated by chirped pulse Fourier transform microwave specttoscopy in the 2-8 GHz
frequency region. The parent species and all heavy atom isotopoleguesshave been observed in
their natural abundance. The experimental rotational constaats ©f.all 1sotopic species observed
have been determined and used to obtain the substitufion (r;) and effective () structures of
fenchone. Calculations at the B3LYP, M06-2X and MP2 Iewgls of theory with different basis sets
were carried out to check their performance agammst experimental results. The structure of
fenchone has been compared with those 4of norbornane (bicyclo[2.2.1]heptane) and the
norbornane derivatives camphor (1,7,7-trimethylbieygclo[2.2.1]heptan-2-one) and camphene (3,3-
dimethy,2-methylenebicyclo[2.2.1]heptane)y, both=swith substituents at C,. The structure of
fenchone is remarkably similar to those oficamphor and camphene. Comparison with camphor
allows identification of changes i\ ACCE, angles due to the different position of the methyl
groups. All norbornane derivatives display similar structural changes with respect to norbornane.
These changes mainly affect the bondilengths and angles of the six-membered rings, indicating
that the substituent at €, drives structural adjustments to minimise ring strain after its

introduction.

I. INTRODUCTION

Terpenoids; formed by the aggregation of two or more isoprene (2-methylbutadiene) units, are a
large class of natural products with relevance in fields such as drug development'?, the flavour
and fragance(industries’, and the environment". Terpenoids have a wide range of biological
a¢tivities, “meluding antimicrobial, antitumor, and anti-inflammatory, and are used against
diseases caused by viruses and bacteria'”. Artemisin, used against malaria, and paclitaxel
(Taxol®), used for cancer treatment, are probably the best known examples of terpenoid drugs.
Due to their properties, development of new routes to synthesise terpenoids with known

therapeutic activities and production of new terpenoid derivatives are bustling areas of research.
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Publishingny terpenoids are produced by plants and emitted to the atmosphere, where they undergo
several transformations reacting with available radicals and give rise to secondary organic
aerosols (SOAs)°. SOAs constitute a large fraction of organic particulate matter suspended in air,
and are known to contribute to air pollution and to affect the climate by producing a net cooling
of the atmosphere*®. In addition, terpenoids are volatile compounds Avith characteristic smells
and are used as perfume ingredients’. A detailed analysis of thé<structure of terpenoids is
essential to describe accurately their role in the biological and envirenfmental processes in which

they participate.

Here we present the structural investigation of the bicyelic menoterpenoid fenchone (C;oH;60,
1,3,3-trimethylbicyclo[2.2.1]heptan-2-one, see Fig. 1) using brdadband rotational spectroscopy’.
Fenchone is one of the main components of the essential oils of fennel, cedar leaf and lavender.
It has a camphoraceous sweet smell in addition te_antibacterial and anticorrosive properties™’,
and so it is used as an odorant in household, products and as pesticide. Both natural and
anthropogenic sources emit fenchone todthe.troposphere, where it is removed mainly through
reactions with OH radicals'’. Structufally, fenchone is a substituted norbornane with a ketone
functional group and three additignal methyl groups. Although several monoterpenoids have
been investigated by rotational spectioscopy, such as carvone'!, limonene'!, thymol',
menthone", linalool", and others'S, thére is much less information on monoterpenoids derived
from norbornane with a42.2.1 bicyclic structure. Only the structures of camphor'® (CoH;60,
1,7,7-trimethylbicyclof2.2. 1 Theptan-2-one), an isomer of fenchone, and camphene'” (C1oHje, 3,3-
dimethy,2-methylefiebieyclo[2:2.1]heptane) have been reported. Norbornanes are known for
their strained bonds ‘and angles, as they are constrained to have the cyclohexane ring in an
envelope configuration, which gives rise to high reactivity'®. Determining the structure of
fenchoneds relevantido model properly its interactions with other molecules and its kinetics, and

it can ghed light on the strains and reaction outcomes of substituted norbornanes.

Rétational spéctroscopy is a powerful structural technique, able to discriminate minute changes
in“mass distribution and yield positive identifications of conformers and tautomers of a wide
range of molecular systems'****'. In this work broadband rotational spectroscopy’ has been used
to‘characterise the structure of fenchone. With this technique, large portions of the rotational
spectrum of a molecule can be collected at once, which facilitates the identification of spectral

patterns and reduces acquisition time. It also aids the observation of isotopologues in their

2
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Publishifigural abundance if the rotational spectrum is sufficiently intense. Analysis of the data obtained
from the rotational spectrum leads to the determination of experimental bond lengths and angles,

which can then be compared with theoretically predicted ones to benchmark theoretical
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FIG. 1. Scheme of the molecular structure of fenchone and
S

numbering of the carbon ab\
\

The bicyclic structure of fenchone do@v for torsional flexibility and therefore fenchone
ud

N
is expected to present one form. ag on of the rotational spectrum of fenchone led to the
n

identification of transitions co nding to the parent and all heavy atom isotopologues and
confirmed the presence of only onesstructure. No splittings due to the internal rotation of the

methyl groups of fench@i? been observed in its rotational spectrum. The height of the
internal rotation bargiers yave en investigated theoretically and found to be in agreement with
observations. Thefrotational €onstants of all observed species have been used to determine the
substitution (7, as)d effective (7o) structures of fenchone. These structures have been compared

with those galctlated by theoretical methods and with the crystal structure of fenchone obtained

1 Iéctiyl . Our results are also compared with those obtained for related terpenoids.

Il EXPER,;MENTAL

Thf rotational spectrum of fenchone was recorded using our chirped-pulse Fourier transform
\

icrowave spectrometer at King’s College London, which operates in the 2-8 GHz frequency
range. The design of the instrument (see scheme in Fig. 2) basically follows that previously

described by Neill at al**.
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Publishilgour spectrometer microwave excitation chirped pulses, varying linearly in frequency from 2 to
8 GHz and spanning 1-5 ps, are created by a 24 GS/s arbitrary waveform generator (Tektronix
AWG 7122C). The chirped pulse power is controlled by variable attenuators (Agilent 8494B),
input into a 200 W pulsed travelling wave tube amplifier (TWTA, IFI GT82-200) and broadcast
into the vacuum chamber using standard horn antennas (A-INF<€{ LB-2060-H) separated
approximately 40 cm.
3

In the vacuum chamber the microwave pulse interacts with théwa supersonic jet of our sample
molecules seeded in a carrier gas, which is formed after ex n‘s%ugh a solenoid valve of 1
mm diameter (General Valve series 9). The valve is actuate ﬁ?valve driver (IOTA ONE,
Parker Hannifin), triggered by a data generator (Tektrenix ljp2040) which also triggers the
arbitrary waveform generator. Once the microw Vg radiation stops, the molecular emission
signal is collected by the second horn antenna, mp]él?d by a low noise amplifier (CIAO
wireless, CA28-4441B) and digitised in the M n by a 100 GS/s oscilloscope (Tektronix
DPO71604C). The detection branch of tl%g:t\‘nics is protected from accidental damage by a
ts

pin diode (Advanced Control Comp en> M-4540) and a microwave switch (Advanced

Control Components SIS3R) posiq:
it

trigger sources as well as th d;K
frequency standard (SRS F S72&
—

/a.'f )

i front of the low noise amplifier. All frequency and

illoscope are phase locked to a 10 MHz rubidium

Driver
iv 4
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FIG. 2. Scheme of the 2-8 GHz broadband rotational spectrometer at King’s
College London. Thick lines indicate microwave radiation.
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PublishiRghchone (Sigma-Aldrich, 98%) was used without any further purification. It is a liquid at room
temperature with low vapour pressure (I mm Hg at 301 K), and so gentle heating was used to
increase the concentration of the sample in the gas phase. Fenchone was placed in a bespoke
heating reservoir attached to the nozzle. The optimal temperature for vaporisation was
determined by performing tests at different temperatures monitoring t?/intensity of the spectrum

(see Fig. 3), and it was found to be ca. 343 K.

Typically molecular

our vacuum chamber.

Vaporised fenchone was seeded in neon at backing pressures of éq. 5 bar.
pulses of 1100 ps were used to produce the supersonic jet ofifenchone'
—~—

Microwave chirped pulses of 4 us were applied with a delay.ot 1400 us with respect to the start
of the molecular pulse. Molecular relaxation signals wer ollecbsd for 15 ps using the digital

oscilloscope, and converted into the frequency domain threugh a fast Fourier-transform

algorithm using a Kaiser-Bessel window. The microwavéradiation is perpendicular to the
%{ of the molecules through the interacting

supersonic jet in our setup, and therefore the‘ta

region with the radiation is short, which r inlines with FWHM ~ 110 kHz with the settings

R
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\ FIG. 3. Broadband rotational spectra of fenchone (500 FIDs) collected at 303 K, 323 K and 343 K. All
traces have the same scale in the y axis.
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PublishilWgRESULTS

A. Rotational Spectrum

The broadband rotational spectrum of fenchone in the 2-8 GHz frequency region (see Figs. 3 and
4) shows several very prominent lines and hundreds of less intense lines that are revealed when
the spectrum is magnified. Fenchone is a highly asymmetric top, with ghe main component of the
dipole moment expected to lie along the b inertial axes, and theref e%y firstlooked for R-
branch b-type transitions of the series J', y «<— J"y» and J' <Y, - “Lhese transitions are
separated by approximately 2C and 2B, respectively, althou %&p

c g the asymmetry of

fenchone we expected these separations to hold only loosely, (m?)w J transitions>. Once
these lines were identified (see Fig. 4) and fitted to yield'an initial set of rotational constants,
further prediction and measurement of transitions c@rm d the original assignment. The final

set of measured a-, b-, and c-type transitions (TableS1 of the Supplementary Information®®)

were fit using the Watson Hamiltonian in th@ n and I' representation”’ and Pickett’s

program®® to give the rotational and quaﬂ%’ugal distortion constants in Table I. The
mall;

centrifugal distortion constants are qui e§7 hich is an indication of the rigidity of fenchone.
Similar values of the centrifugal di%g onstants have been obtained for the related

- 16
terpenoids camphor ° and camphene

N

£
/ 2,1, 30.3__'_ 2,
’ _\11' Ogo ~20 2,1, ~2C
" :
: 202' 1 1 : 4057 313
~2B ~2B
1d”l|l Jl.l'l Jis L " th‘ul‘llx I “. | i J
2000 I 30[00 ' 40I00 ‘ SOIOO I 60I00 I ?OIOO ‘ 8{')|00
Frequency (MHz)

FIG. 4. Broadband rotational spectrum of fenchone (300k FIDs) in the 2-8 GHz frequency region.
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PublishimHe experimental rotational constants can be compared with those predicted from theory to
benchmark performance. Geometry optimizations of fenchone were carried out using density
functional theory, with the B3LYP and M06-2X functionals, and ab initio calculations using the
Moller-Plesset perturbation theory to second order (MP2). Pople’s 6-311G++(d,p) basis set and
the Dunning basis sets cc-pVTZ and aug-cc-pVTZ were used with all pdethods. From the data in

Table II, the best agreement with the experimental rotational constants.s provided by

calculations at the MP2/6-311++G(d,p) level. \
TABLE I. Experimental spectroscopic constants of fenchone. &
Parameter 3

A* (MHz) 1555.75082(27)° C

B (MHz) 1168.26437(25)

C (MHz) 961.41907(25) \ L_‘_)
Ay (kHz) 0.0343(69)

A (kHz) -0.0312(26) \

Ax (kHz) 0.0387(32) \

8, (kHz) 0.00467(36) S -l

8k (kHz) 0.0448(30

alblc® (D) yiyly \ ~
o’ (kHz) 4.7
N¢ 150 N

——
*A, B and C are the rotational constants; A, Am Ok are the centrifugal distortion constants.
®Yes (y) or no (n) observation of a-, b-, and c-type,transitions.
‘o is the rms deviation of the fit
4N is the number of the fitted

nsitions.
¢Standard error in parenthesés in vnits of the last digit.
/ ( /
s.ozfvfe one have S/N ratios of 1000/1 and above and show a number of lines at

ith about one hundredth of the intensity (see Fig. 5). These lines were

naturdl abunda (1.1% and 0.2%, respectively). For all of them b- and c-type transitions were
asur ses) Tables S2-S12 in the Supplementary Information®®) and fitted using the same
p cedur§ as for the parent species to yield the rotational constants in Table III. In all fits the

?egri\fugal distortion constants were fixed to those determined for parent fenchone.
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Publishin g TABLE II. Calculated spectroscopic parameters of fenchone.

Parameter 6-311++G(d,p)
MP2 B3LYP M062X
A* (MHz) 1558.5 0.2%° 15512 -0.5% 15634  0.8%
B (MHz) 1172.2 0.3% 1157.0 -1.0% 11759  0.8%
C (MHz) 964.5 0.3% 955.1 -0.6% 966.7 0.5%
1/ (D) 0.1/2.5/1.2 0.2/2.8/1.2 0.1/2.8/14_
.
Parameter cc-pVTZ y. -\
MP2 B3LYP 1\{0
A* (MHz) 1568.1 0.8% 1558.2 0.2% 1569 3
B (MHz) 11824 0.9% 1162.3  -0.5%
C (MHz) 971.5 0.7% 9594  -02%
/i (D) 0.1/2.5/1.0 0.1/2.6/1.1 /ST 1
Parameter aug-cc-pVTZ
MP2 B3LYP [ \_1y‘062X
A* (MHz) 1566.8 0.7% 1558.3 2%l 700  0.9%

B (MHz) 1181.7 1.1% 1162.0  -05% 80.6 1.1%

C (MHz) 971.2 1.0% 959.1 -0200 007 1o%
w/iy/1’ (D) 0.12.7/1.1 04/2:84.2 0.1/2.8/1.1

?A, B and C are the rotational constants.
® 1., wpand p. are the electric dipole moment componen
¢ Deviation from the experiment; calculated as ( m «» X 100%

\ parent species

0.020 \

: N\
e ‘\

0.010 4 y. cz

i c1

i C3 C7 C4 «

g O 10 C9 6 C5
005 -

oLk - ‘J Al bl
: ’m/.”.‘ | BBl

0 010 T T T T T T T T T T T T T 1
3740 3750 3760 3770 3780 3790 3800 3810
5 Frequency (MHz)

&Rotatlonal spectrum of fenchone from 3740 to 3810 MHz. The figure shows the lines corresponding to the
_ 1, transition of the parent and "C and 'O isotopologues in natural abundance. The asterisks indicate other
transitions of the parent species

ntensity (mV)
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Publish ng LE IIL. Experimental spectroscopic constants for the '*C and '*0 isotopologues of fenchone.

]3(:1 13C2 13C3 13C4 13C5 13C6
A*(MHz)  1555.61550(41) 1551.52515(29)  1555.76085(26) 1546.44669(37)  1535.94582(24)" 1547.23700(32)
B(MHz)  1164.06011(37) 1168.16927(25)  1164.32414(22) 1166.65457(31)  1167.38603(22) 1160.97096(25)
C (MHz) 958.56072(41)  959.94899(25)  958.76837(25)  958.15937(31)  954.19602(22) 956.37857(28)
o’ (kHz) 6.5 4.6 4.6 5.9 4.2 5.4
N° 27 29 33 30 / 1 32
e, By B, ) < 180
A (MHz) 1545.30580(25) 1550.58004(25) 1546.96584(30) 1549,68069(28) 1513.31097(77)
B (MHz) 1161.92377(19) 1151.65001(21) 1153.11848(25) 53.10027(24) 1165.59349(50)
C (MHz) 959.66312(21) 948.43231(22) 952.93166(25) 958,26670(24) 946.74744(57)
o (kHz) 4.1 4.1 48 4, 5.7
N 31 30 30 ( D 14
—

*A, B and C are the rotational constants. The centrifugal distortion constants were fixed to the %Md for the parent species.

® is the rms deviation of the fit.

“N is the number of fitted transitions. 5

4 Standard error in parentheses in units of the last digit. C

Fenchone presents three non-equivalent methyl groups, which can potentially produce splittings
in the rotational transitions through the coupling of their internal rotation to the overall rotation.

No splittings due to internal rotation Weréﬁﬁﬂ\in the spectrum of fenchone, suggesting that

the barriers hindering internal rotation relatively high. This was further confirmed by

N
performing scans of the relevant di(\f: gles for the rotation of the methyl groups at the
MP2/6-311++(d,p) level of the edFig: S1 in the Supplementary Information®®). The barrier
heights obtained were of 900 cm’™ 8 kJmol™), 1000 cm™ (12.0 kJmol™), and 1150 cm™ (13.8

kJmol™), for the Cs, Cy afid Cm)fthyl groups, respectively. The methyl group internal rotational
splittings predicted with tbes afriers, using the program XIAM?’, are smaller than 1 kHz and
therefore not resc?(able ouf’ experiment. Related molecules such as camphor'®, a- and f-

pinene®’, and pﬁkﬂwith similar predicted methyl internal rotation barriers, do not show
QQA\
£

internal rotatio ittings in their spectra.

4

_—
B. Structural %e mination
-_—

e detegmined rotational constants for the parent and all °C and 'O isotopic species of
encheng’allowed the calculation of the coordinates of all heavy atoms using Kraitchman’s
ﬁau ns’' and the program KRA*?. Two of the carbon atoms are positioned close to one of the

principal axes, returning imaginary values of the coordinates after applying Kraitchman’s

equations. Specifically, these were the a coordinate of C; and the b coordinate of Cs. In these


http://dx.doi.org/10.1063/1.4961018

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

AllP

Publishigges the values of the coordinates have been set to zero to determine structural parameters. The

coordinates (see Table S13 in the Supplementary Information®®), all of them carrying Costain’s
error’” to give a better account of vibration-rotation effects, were used to obtain the substitution
(7s) structure of Table IV. Since Kraitchman’s equations only provide the absolute value of the

coordinates, the signs were taken from ab initio calculations. The signsf atomic coordinates
were consistent across all theoretical methods and basis sets used, ¢ t forithe b coordinate of

Cs, which is calculated to range between -0.0023 and +0.0035 and Set to zero to determine
the substitution structure. \

TABLE IV. Comparison of the bond lengths (in A) and angles (in degrees) oi the he a;nﬁ‘of fenchone determined experimentally and

theoretically, and with those of related molecules..

Fenchone 3 Camphor Camphene® Norbornane®
O
s 4 éx\ MP2

r(C-Ce) 1.521(13) 1.555(18) *ﬁ" 1.559 1.557(6) 1.556(5) 1.536(15)
r(Ci-Cy) 1.512(11) 1.526(29) ﬁ S1 1.522 1.537(10) 1.510(8) 1.536(15)
r(Cy-C3) 1.545(14) 1.535@81) .5’26(5) 1.538 1.530(3) 1.527(5) 1.573(15)
r(C;5-Cy) 1.565(17) 1.549 517(5) 1.550 1.545(5) 1.555(7) 1.536(15)
r(C4-Cs) 1.531(4) 1,546(8) 1.537(5) 1.541 1.547(4) 1.546(6) 1.536(15)
r(Cs-Ce) 1.566(5) 1. ( 1.542(6) 1.557 1.564(6) 1.562(5) 1.573(15)
r(Cs-Cy) 1.536(13) 1.541 1.547(6) 1.541 1.543(8) 1.544(6) 1.546(24)
r(C7-Cy) 1.541(3) 52(8)° 1.547(6) 1.544 1.555(8) 1.550(7) 1.546(24)
r(Cs-Cy) 1.537(7) T?i(ll) 1.518(6) 1.513 1.522(4) - -
r(Co-C;3) 1.568( ) (16) 1.538(6) 1.537 - 1.541(10) -
r(Cio-C3) 1.504 1 35(13) 1.524(5) 1.531 - 1.543(12) -
r(0O-Cy) ?(3(3) 214(5) 1.215(4) 1.218 1.212(2) - -
H(C,=C) \ - - ; 1.340(6) ;
Z(CCeCs) 0333 103.9(7) 104.5(3) 104.30 103.8(3) 103.1(3) 102.71
Z(CC,Cs) 2A7) 107.5(12)" 107.6(3) 107.5 105.8(2) 106.9(5) 102.71
Z(CyC5Cy) 99. 100.8(9) 101.0(3) 100.70 101.6(1) 101.1(4) 102.71
Z(C5C4Cs) ‘1/09.3 ) 110.3(7) 110.4(3) 110.37 106.5(3) 110.8(6) 108.97
Z(C4CsC~ 6(15) 102.8(3) 102.9(3) 102.69 102.6(1) 103.1(3) 102.71
Z(C,CiCy) 03.0(7) 101.4(11) 101.2(3) 100.76 103.0(6) 101.1(3) 102.04(6)

24.5(13) 125.8(31) 125.8(3) 125.53 126.8(1) 126.7(3) -

115.9(5) 115.3(11) 115.4(3) 115.29 114.8(3) - -

109.6(13) 111.4(14) 110.8(3) 111.43 - 110.2(9) -

117.4(13) 116.2(22) 115.9(3) 115.91 - 113.9(6) -

94.4(3) 95.2(6)° 95.2(3) 95.6 94.5(4) 94.2(2) 93.41(9)
©(€,C;5C4Cs) 72.3(11) 70.2(13) 70.4(4) 70.2 - - -
T(C5C4CsCe)  -68.1(5) -67.3(10) -65.3(4) -67.2 - - -
T(C4Cs5CoCy) -5.7(5) -5.909) -7.8(4) -6.1 - - -
©(C,CCsCs)  -30.3(4) -30.3(7) -28.5(4) -29.9 - - -

10
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PublishifigciCsCs)  -161.0(7) -160.6(16) 158.0(3)  -1614 ; -
(CoCTsCiCy)  79.8(6) 80.4(11) 81.4(4) 80.6 - -
UCCiCaCy)  -122.2(18)  -119.7(15) . -119.0 . -
1(0C,C5Cy)  -178.3(6) -177.7(10) 178.9(4)  -177.5 - -

* Non fitted parameters were fixed to the MP2/6-311++G(d,p) values; ® These parameters were not fitted directly using STFIT but derived from the
obtained ry structure; © A. D. Bond, J. E. Davies, Acta Cryst. E57,01034 (2001); 4 7. Kisiel, et al, Phys. Chem. Chem. Phys. 5, 820 (2003); ° E. M.
Neeman, et al.,J. Mol. Spectrosc. 322, 50 (2016); " L. Doms, et al., J. Am. Chem. Soc. 105, 158 (1983).

Given the limitations of the Kraitchman analysis, the effective struéa%:of fenchone has also
ts

been determined through least-squares fit of the experimental mo

isotopologues using the program STRFIT*. With the rotati lam.st\ants of all isotopologues of

the heavy atom framework, it is possible to determine th@tzﬂa ordinates of these atoms, 27
ed ang

inertia of the observed

parameters in total (10 bond lengths, 9 angles and 8 dih es), also shown in Table IV.
The non-floated parameters of the hydrogen atoms ﬁ?’d at the values predicted by MP2/6-
311++G(d,p) theory. The fit has a standard de¥jation 0:0092 uA?, and returns relatively large
uncertainties for the distances of r(C,—Cs) 3M3 , and the ZOC,C;sand £C;yC3Cy4 (see
Table IV). Adopting a planar structure arou \tﬁ%arbonyl group, a strategy followed for the
related terpenoid camphor'®, did not he \ﬁ;pJ;QV the quality of the fit. Reducing the number of
floating parameters decreases the st \Q viation of the fit, at the expense of including more

theoretically predicted internal inates, but the values of the floated parameters remain

essentially the same. Several fits to determine the mass-dependent structure 7y, which is usually

account for the isotope-dependent rovibrational contributions to the moments of inertia®* could

be determined. \

The experim: taDS and ry structural parameters are in good agreement, and they correspond well

close to the equilibrilq:ture, were also attempted. However, none of the parameters that

with the 7 qu}ilib tum bond lengths and angles (see Table IV). A comparison between the

substittitien s ct»{re and the ab initio MP2 structure, showing the fine match of the experimental

and pg@lytomic coordinates, is shown in Fig. 6. Several ry and MP2 bond lengths and

a i?s, dfsscussed below, are also indicated in Fig. 6. There are a few discrepancies between the
andg structures, mainly in the values of the bond lengths involving Cs and the carbons of the
eth;l‘ groups attached to it. Specifically, the substitution distance »(Cy—Cs3) is quite long while

r(C10o—C3) is very short. There are also some differences between the s and ry values of the bond

lengths in which atom C; is involved. In both cases, the 7y values are closer to the theoretically

11
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Publishipgdicted ones, and they are also closer to the experimental bond lengths determined for
camphor'®. The proximity of C; and Cs to two principal inertial axes (their b and ¢ coordinates
are quite small (see Table S13), and the b coordinate of C; had to be fixed to zero to determine
the 7, structure) is likely to be the cause of these differences, and therefore the 7 structural
parameters for these two atoms should be taken with reservation. The gémd ro bond lengths for
the C=0 are basically identical, and they are extremely close to the retical 7.(C=0) bond
lengths. Finally, a relatively short »o(Cs—C)) is obtained, which i&'ted theoretically with

similar values at both B3LYP and MP2 levels of theory. Q

2 structure of fenchone (full molecular drawing) with the r, atom coordinates
s and the purple sphere represents the O atom, all from Kraitchman analysis).
ues of selected bond lengths (in A) and angles of fenchone are also indicated on

(the blue spheres represent
The rq (top) and MP. tom)
the figure. 3

IV. DISCUSSION

The structure ofenchone had been previously studied using X-ray crystallography®, and the
pafame otkained are displayed alongside the 7, 7y and 7. structures determined in this work in
Table IV§The values of the X-ray structure differ from the gas phase ones mainly on the
%a@es 1(C5—Cy) and r(Cs—Cs), and the dihedral angles t(C3C4CsCs), 1(C4CsCoC) and
T(€3C,C6Cs). It should be noted that on average the bond distances in the crystal are about 0.007
A shorter than the 7 structure. This may be due to the effect of packing forces in the crystal.

12


http://dx.doi.org/10.1063/1.4961018

E I P | This manuscript was accepted by J. Chem. Phys. Click to see the version of record. |

PublishimEe structure of fenchone shows many features common to other bicyclo[2.2.1]heptane
derivatives, whose figures and structural parameters are collected in Table I'V. In the following
discussion we will consider the 7y structures of all derivatives as the rg structures present some
limitations. The 7, parameters obtained for fenchone are in excellent agreement with those
determined for the related monoterpenoids camphor'® and camphene'’ AMost bond distances and
angles have effectively the same values, considering their uncertainties, Speeifically, the C=0
bond lengths in camphor and fenchone show an extremely good jmateh,‘and the same occurs with
the unusually short distance Cs—C; involving the methyl substitugnt at C,."The changes in the
methyl group positions in going from camphor to fenchone dowét seem to affect the carbon-
carbon distances within the bicyclic ring, confirming its tigidity¢ The only exceptions are the
angles ZC;C4Cs, which is more acute (by ca. 4°) infcamphor+than in fenchone and camphene,
and ZC;C,Cg, which is more obtuse by ca. 2° in tamphor than in fenchone and camphene. This

is likely to be related to the absence of methyl groups at C; and their presence at C; in camphor.

Fenchone, camphor and camphene are all'norbernane derivatives, and their structural parameters
can be examined with relation to thoséofnorbosnaneError! Bookmark not defined. (see Table
IV). Norbornane is an archetypical@mglecule for strained bond lengths and angles. The bicyclic
skeleton of norbornane forces the.six-membered ring into a boat configuration and results in
angles considerably smaller than those usually found for singly-bonded (sp’) carbon atoms, and
C—C bonds longer or shofter thag the typical C—C bond length. In particular, the angle involving
the bridge carbon C7 i§ quite strained, with a value of 93.41(9)°. Due to its C,, symmetry,
norbornane has thpée different' C—C bond lengths (see Table IV). In going from norbornane to
camphene, camphor and fenchone, the most important change is the addition of an unsaturated
substituent (=CH,) or a carbonyl group (=0) at C,, thereby modifying the character of the C,
carbon arld, giving r1Se to significant structural adjustments. The most drastic effect occurs on the
C,—C4{bond length, which is reduced by ca. 3% from 1.573(15) A in norbornane to values
around K330.A in the three norbornane derivatives. Other bond lengths in the six-membered
rings of fenchone, camphor and camphene are also modified: the Cs—Cs bond length also
decreases, but to a much lesser extent (ca. 0.7%); the C;—Cg, C3—C4 and C4—Cs bonds are
elengated by about 1%, with very similar values for the three substituted [2.2.1] bicyclic
monoterpenoids; the C;—C, bond is shortened by about 2% in camphene, while it is basically

unchanged for fenchone and camphor, a reflection of different C, substituent. In contrast, the

13
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Publishibghd lengths involving the bridge carbon C; do not suffer large variations. The value of 1(C1—C5)
and »(C4—C5) are effectively the same for the three substituted norbornanes, with a slight increase
for r(C4—C5) with respect to norbornane, which breaks the symmetry in the bridge carbon

parameters.

There is a remarkable consistency in the bond lengths values of the thx! ubstituted norbornanes
fenchone, camphor and camphene. The changes with respect to no oﬁ?%nd lengths follow
the same trend and they focus on the six-membered ring becauséf theweed of minimising ring
strain after the introduction of an unsaturated substituent at 5. 'l‘)e b angles of the three
substituted monoterpenoids also experience some variations wi r&-f)‘ect to norbornane, and
mostly they vary in the same way. The largest change OCC{fOb‘[he ZC,C,C5 angle, which
increases by 3°-4° with respect to norbornane. Ang ZCz C4 decreases by ca. 1%, while
angles ZC;C¢Cs and ZC4CsCg are essentially the same cénsidering their uncertainties. For the
bond angles ZC3C4Cs and £C;C,C¢ the behayio the camphor differs with respect to fenchone
and camphene, which may be related to téﬁd‘[‘\ffeml;% position of the methyl substituents, as
indicated previously. Angle ZC3C4Cs breﬁsei y ca. 1% for fenchone and camphene with
respect to norbornane, while it decxxca. 2% for camphor. The opposite behavior is

l&vin

observed for angle ZC7C1C6.T% lving the bridge carbon ZC;C;C4 increases by ca. 1-

2% in the three norbornane derivatives but continues to be strained, with the largest value being

95.2(6) ° for fenchone. Q
The structural ajj?t%“ﬁ chone result in a twist in its six-membered ring such that the
bonds C,—C; an Cg ar

C?X] ot parallel like in norbornane (see Fig. 6). This twist has been
observed for ¢amphor'®, and has also been reported for other substituted norbornanes and

camphanes, wﬁler it was tentatively related to the presence of a substituent in C,™.

- 4

V.CO CLUSI?N

%band rotational spectrum of fenchone has been observed for the first time and the

ota constants of the parent, all *C and '®O species have been determined. Theoretical
édictions with several density functional and ab initio methods, and with different basis sets

have been performed. All methods provide satisfactory values of the rotational constants. The

best agreement between theory and experiment was provided by the MP2/6-311++G(d,p) level

14
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Publishisftheory, with differences of 0.3% or lower for the three rotational constants, followed by
B3LYP with the cc-pVTZ and aug-cc-pVTZ basis sets, which perform similarly with differences

between equilibrium and ground-state rotational constants lower than 0.5%.

The substitution and ry structures of fenchone have been determined, and the latter has been
compared with those previously reported for norbornane and the norbgrnane derivatives camphor
and camphene, both with substituents at C, like fenchone. e%he of fenchone is
remarkably similar to those of camphor and camphene. C arisgn with camphor allows
identification of changes in ZCCC angles due to the differ t‘}%sitio f the methyl groups. All

norbornane derivatives display similar structural changes, with respect to norbornane. These

changes mainly affect the bond lengths and angles of th: ix—m%bered rings, indicating that the

substituent at C, drives structural adjustments to mi@ise_sing strain after its introduction.

Rotational spectroscopy has demonstrated to be a powerful technique to determine molecular
structure. The development of broadband rotation ctroscopy and the improved accessibility

to lower frequency regions of the rotationgiﬁ?iniﬁum makes it possible to tackle larger

molecules®®*"*. In this context, the de hﬁﬁla:t\l of the structure of fenchone will pave the way

to study its complexes with water a‘d\~%\hg molecules, shedding light on the interactions that this
myolvin

molecule establishes in proces ‘rm\ living organisms and the environment.
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