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for Intramolecular Hydrogen Bonding

George C. Cole! Harald Mgllendal,*-* and Jean-Claude Guillemir¥

Department of Chemistry, Usrsity of Oslo, Post Office Box 1033 Blindern, NO-0315 Oslo, Norway, and
Laboratoire de Syntlee et Actiation de Biomoleules, Unite Mixte de Recherche 6052 du Centre National de
la Recherche Scientifique, Institut de Chimie de Rennes, ENSCR, F-35700 Rennes, France

Receied: April 29, 2005; In Final Form: June 10, 2005

The properties of the novel compound cyclopropylmethylphosphigEsCH,PH,) have been investigated

by means of Stark-modulation microwave spectroscopy and high-level quantum chemical calculations. Spectra
attributable to the three conformers of the molecule with a synclinal arrangement oftfe-&—P atoms

were recorded and assigned. The experimental rotational constants obtained for these conformers were found
to be in good agreement with those generated by ab initio geometry optimizations at the MP2/aug-cc-pVTZ
level of theory. An estimate of the relative energies of the three conformers with observable spectra, by
means of relative intensity measurements, compared favorably with the results of G3 energy calculations
performed for the molecule. In addition to the observation of ground-state rotational spectra for three
conformers, spectra belonging to a number of vibrationally excited states were also assigned with the aid of
radio frequency microwave double-resonance experiments. A tentative assignment of these excited-state spectra
was proposed by appealing to the results of density functional theory vibrational frequency calculations
performed at the B3LYP/6-311+(3df,2pd) level. The energetically preferred conformer of the molecule
allowed a close approach between a hydrogen atom belonging to the phosphino group and the edge of the
cyclopropyl ring. The possibility of the formation of an intramolecular hydrogen bond to electron density
associated with so-called banana bonds is discussed.

Introduction methylphosphine adopt configurations in which the formation
of intramolecular hydrogen bonds is possible. It was also hoped
. . ) that, by comparing the structures of the preferred conformers
been investigated by means of gas-phase microwave SpeCy¢ cyclopropylmethylphosphine with those of cyclopropyl-

troscopy, revealing a u_nique set of conformation_al, dynamic_al, methylamine, the tendency offM groups to form hydrogen
and structural properties. The molecules studied so far in- bonds could be studied

clude ethylphosphine (Q&H,PH,),! 3-phosphinopropionitrile
(HoPCH,CH,C=N)? 1,2-diphosphinoethane ACHCH,PH;),3
2-propynylphosphine (HECCH,PH;,),* and 2-propenylphos-
phine (HC=CHCH,PH,).5> The study of small phosphine
molecules is hindered by the tendency of these compounds to

be toxic, pyrophoric, and particularly malodorous. In addition by intramolecular hvdroaen bonds. In the case of conformer V
to these properties, the lack of stability displayed by phosphines y  nydrogen bonas. . '
however, there is no possibility of such an intramolecular

in the presence of small quantities of air requires that special . . ;
: o : .~ interaction occurring.
care must be taken to avoid polymerization occurring during
the experimental process.
The subject of the present investigation, namely cyclo-

propylmethylphosphine, has been chosen in order to expand the \icrowave Experiment. The microwave spectrum of cyclo-
currently limited knowledge of the properties of molecules propyimethylphosphine was measured in the-62 GHz
containing the -Pkigroup, with particular reference to the ability  frequency range on the Stark spectrometer at the University of
of such species to form intramolecular hydrogen bonds. It has gglo, which has been described elsewHem@oth Stark-
been previously noted that the analogous amine species,modulation microwave spectroscopy and radio frequency mi-
cyclopropylmethylaminé has two low-energy conformers that  crowave double-resonance (RFMWDR) experiments, similar to

between the amine group and electron density along the sideqyring the course of the investigation.

of the cyclopropane ring. It is therefore of interest to determine
whether the energetically preferred conformers of cyclopropyl-

The properties of a small number of phosphines have

Figure 1 shows the five conformers in which cyclopropyl-
methylphosphine may exist. It can be seen that conformers I,
I, Ill, and IV have the potential for a close approach between
a P—H group and the center of a-€C bond on the cyclopropy!
group, which may result in these conformers being stabilized

Experimental Section

The sample of cyclopropylmethylphosphine used during the
course of the investigation was stored at a temperature of
approximately—30 °C prior to use. A solid deposit, presumably

* Corresponding author: e-mail harald.mollendal@kjemi.uio.no+#&¥ iati

22 85 56 74 faxt47 22 85 54 41, an oxidation produ.ctZ was seen to form over a numb.er. of
T University of Oslo. months, although this impurity was bellevgd to have a negligible
*ENSCR. vapor pressure and therefore had no discernible influence on
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Figure 1. Structures of the five possible conformers of cyclopropyl-
methylphosphine, as obtained from ab initio geometry optimizations
carried out at the MP2/aug-cc-pVTZ level of theory with the Gaussian
03 electronic structure packa@@he conformers are shown drawn to
scale in the principal inertial axis system.
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formed cyclopropylmethylphosphine was distilled off in vacuo
from the reaction mixture. A cold trap—80 °C) selectively
removed less volatile products and the cyclopropylmethylphos-
phine was condensed in a second cold trap20°C) to remove

the most volatile products (mainly BH After disconnection
from the vacuum line by stopcocks, the product was kept at
low temperature €—30 °C) before analysis. The cyclopropyl-
methylphosphine was obtained in 84% yield (0.74'5)NMR
(400 MHz, CDC}) 6 0.13 (m, 2H, CH), 0.54 (m, 2H, CH),
0.85 (m, 1H 234y = 7.1 Hz, CH), 1.46 (tdd, 2H3uy = 7.4,

7.1 Hz,2Jpy = 4.3 Hz, CHP), 2.76 (dt, 2H1Jpy = 194.8 Hz,
3Jun = 7.4 Hz, PH). 13C NMR (CDChk, 100 MHz)6 6.3 (dt,
3Jpc: 4.0 HZ,lJCH =157.4 HZ), 13.8 (dCF,JpC: 3.7 HZ,lJCH

= 154.2 Hz), 19.5 (dt}Jpc = 7.3 Hz, ey = 126.9 Hz).31P
NMR (CDCls, 162 MHz)6 —138.6. HRMS. Calcd for @HgP:
88.04419. Found: 88.0443. IR (neat)(cm™1): 2958.8 (s),
2896.2 (m), 2297.6 (vS)pH, 1461.6 (w), 1085.4 (m), 845.6 (m),
643.3 (w).

Results

Quantum Chemical Calculations.The properties of cyclo-
propylmethylphosphine were investigated by quantum-chemical
calculations, by use of a variety of methods and levels of theory.
All calculations were performed using the University of Oslo’s
64-processor HP “Superdome” facilities and the Gaussian 03
electronic structure packadeGeometry optimizations for the
five possible conformations of the molecule were performed
by means of self-consistent field calculations, in which the
effects of electron correlation were included by use of second-

the observed spectrum. The Stark cell used during the recordingorder Mgller-Plesset perturbation theol). The basis sets

of spectra was cooled with a quantity of solid £@ a
temperature of aroune50 °C, with the aim of increasing the
intensity of the spectrum.

Preparation of Cyclopropylmethylphosphine. The follow-
ing procedure was employed in this first synthesis of cyclo-
propylmethylphosphine:

Cyclopropylmethylphosphonic Acid, Diethyl Estiera one-
necked round-bottomed flask were introduced the triethyl

employed in these calculations were 6-3H(3df,2pd}*-12and
Dunning’s extensive, correlation-consistent aug-cc-pViZ,
which possesses polarized functions for valence electrons and
is augmented with additional diffuse functions. It has been
previously note# that the use of a large basis set in an MP2
calculation can provide accurate rotational constants for a
molecular system, that i8¢, B, and Ce can be calculated to
within 1% of the values ofA,, By, and C, derived from

phosphite (16.6 g, 0.1 mol), bromomethylcyclopropane (13.5 experiment. In addition to these calculations, the geometries of
g, 0.1 mol), and toluene (10 mL). The mixture was heated under the five conformers were also optimized in a series of density
reflux overnight and then distilled in vacuo. The cyclopropyl- functional theory calculations, by use of the B3LYP three-

methylphosphonic acid diethyl ester (15.0 g, 78 mmol) was parameter hybrid functional (Becke's three-parameter func-

obtained in 78% yield, by 68 °C.*H NMR (400, MHz, CDC})
0 0.17 (m, 2H, CH), 0.53 (m, 2H, CH), 0.90 (m, 1H 23}y =
7.6 Hz, CH), 1.29 (dt, 6H, Ck), 1.65 (dd, 2H3Juy = 7.1 Hz,
2Jpy =17.6 Hz, CHP), 4.07 (m, 4H3J4y = 7.1 Hz, CHO).
13C NMR (CDCk, 100 MHz) 6 4.19 (dt,2Jpc = 5.6 Hz), 5.10
(dt, 3Jpc =105 HZ,]'JCH = 1654 HZ), 16.4 (dq%.]pc =56
Hz, 1Jcy = 126.9 Hz), 30.7 (dtiJpc = 140.6 Hz,*Jcy = 136.5
Hz), 61.3 (dt,2Jpc = 7.2 Hz, ey = 146.0 Hz).3'P NMR
(CDCls, 162 MHz) 6 32.0. HRMS. Calcd for gH;703P:
192.0915. Found: 192.091. IR (neat)(cm™t) 2981.8 (s),
2933.7 (m), 2906.4 (m), 1391.6 (m), 1257.3 (s), 1029.7 (s),
959.0 (s), 796.7 (m).

Cyclopropylmethylphosphin€aution: Cyclopropylmethyl-
phosphine is pyrophoric and potentially toxic. All reactions
and handling should be carried out in a welbentilated hood.

tionall®> employing the Lee, Yang, and Parr correlational
functional®) in conjunction with the 6-311&+(3df,2pd) basis

set. Predictions of the quartic centrifugal distortion constants
in Watson’s A-reductiolf were also made at this level of theory.
Because of the computationally demanding nature of such
calculations, the prediction of centrifugal distortion constants
was undertaken by a density functional theory (DFT) method,
to reduce the amount of processor time used. In the past
experience of the authors, the B3LYP/6-31:6(3df,2pd) level

of theory generally provides accurate predictions of the quartic
centrifugal distortion constants, as well as the components of
the electric dipole moment, for small molecules such as that
investigated here. The spectroscopic constants obtained from
these calculations are presented in Table 1. In addition to these
geometry optimizations, G3 energy calculatinaere per-

The apparatus was similar to that employed for the preparationformed with the optimized geometries obtained at the MP2/

of 2-propynylphosphiné.in a 250 mL two-necked flask were
introduced the reducing agent (LiAJHO.76 g, 20 mmol) and
tetraglyme (50 mL). The flask was attached to a vacuum line,
immersed in a cold bath (8C), and degassed. The cyclopro-

aug-cc-pVTZ level as a starting point. Table 2 provides a
comparison of the calculated relative energies of the five
conformers of cyclopropylmethylphosphine.

The structures obtained for the five conformers from the

pylmethylphosphonic acid diethyl ester (1.92 g, 10 mmol) in geometry optimizations at the MP2/aug-cc-pVTZ level of theory
tetraglyme (10 mL) was slowly added with a flex-needle through are given, drawn to scale in their principal inertial axis systems,
the septum for about 5 min. During and after the addition, the in Figure 1.
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TABLE 1: Comparison of the Spectroscopic Constants Obtained for Three Conformers of Cyclopropylmethylphosphine, from
Quantum Chemical Calculations and Experiment

conformer Il conformer IV conformer V

B3LYP/ B3LYP/ B3LYP/
spectroscopic 6-311++ MP2/ 6-311++ MP2/ 6-311++ MP2/
constant (3df,2pd) aug-cc-pVTZ experiment  (3df,2pd) aug-cc-pVTZ experiment (3df,2pd) aug-cc-pvVTZ experiment

A/MHz 11080.5231 10902.8365 10878.235(17) 11148.2804 11000.5570 10959.4(32) 10976.7989 10827.8621 10 784.640(9)

B/MHz 1938.8496  2007.5552  1984.7682(19) 1905.0401  1963.8649  1945.130(9) 1954.4473  2019.9099  2000.0835(16)

C/MHz 1795.9154 1851.2838 1831.6144(18) 1773.0054 1821.5779 1804.566(9) 1810.9803 1864.6802 1846.6393(16)

AjJkHz 0.64 0.650(5) 0.52 0.536(8) 0.69 0.772(3)

AjlkHz —4.41 —4.42(4) -3.34 —3.29(9) —5.36 —5.272(9)

Ax/kHz 29.24 25.98(24) 26.12 32.70 30.6(5)

dykHz 0.10 0.1003(3) 0.07 0.10 0.11613(8)

OklkHz 2.30 2.09(13) 1.90 2.04 2.52(2)
TABLE 2: Comparison of the Relative Energies of Five TABLE 3: Experimentally Determined Spectroscopic
Conformers of Cyclopropylmethylphosphine, from Quantum Constants for Three Conformers of
Chemical Calculations and Experiment Cyclopropylmethylphosphine

conformer spectroscopic conformer
method | 1l 1l \Y \% constant I v \%
B3LYP/6-311+G(3df,2pd) +10.2 +9.1 +1.7 0.0 +2.3 AIMHz 10878.235(17)  10959.4(32)  10784.640(9)
MP2/6-311+G(3df,2pd) +86 +85 +2.0 00 +2.6 B/MHz 1984.7682(19)  1945.130(9)  2000.0835(16)
MP2/aug-cc-pVTZ +7.7 475 419 00 +2.6 C/MHz 1831.6144(18)  1804.566(9)  1846.6393(16)
G3 +8.3 +79 +2.0 00 +26 AjkHz 0.650(5) 0.536(8) 0.772(3)
experimental +1.7 0.0 +2.4 AsdlkHz —4.32(4) —3.29(9) —5.272(9)
) ) o Axk/kHz 25.98(24) 264 30.6(5)
a All energies are given in kilojoules per mole. 0ykHz 0.1003(3) 0.07 0.11613(8)
Okl/kHz 2.09(13) 1.9 2.52(2)

Assignment of Conformer IV. The first attempts to assign $J/kHz 0.00017(3)

the microwave spectrum of cyclopropylmethylphosphine fo- ~ ¢/kHz 0.109(6)
. . . olkHz 0.15 0.23 0.14

cused on the conformer labeled IV in Figure 1. This con- N 123 114 161

former was predicted to be the lowest in energy by all of the
calculations performed during the course of this study, as can
be seen from Table 2. An initial prediction of the rotational
spectrum of this conformer was obtained in order to aid the
assignment of the microwave spectrum, by using rotational o
Lo transitions alone.

constants from the geometry optimization at the MP2/aug-cc- Havi tablished tisfact . t of th "
pVTZ level and centrifugal distortion constants from the s e?t\:mrg gfsc%n:‘zrr?]eral\?aaii Z(t:tgrgl ?sségnrr:aege ?o asi'axﬁg
B3LYP/6-311G+ +(3df,2pd) calculation. The spectrum assigned rc?tatiol;al spectra of vibra{tionall efcitvgd states b me:';lgns of
with the aid of this model was that of a nearly prolate al sp . y y

. . . o the radio frequency microwave double-resonance (RFMWDR)
asymmetric rotor, in which only a-type transitions, allowed by . L : i o .

oo technique. Transitions attributable to five vibrationally excited
the componeni, of the molecular electric dipole moment : he | vsis of th
along the principal inertial axia, were sufficiently intense to states were assigned and the east-squares analysis of these
allow measurement. This obs’ervation is consistent with the transitions yielded the spectroscopic constants presented in Table

. ’ S 4 (spectra in Supporting Information Tables-5%5). The states
estimates of the molecular electric dipole moment components

obtained from the geometry optimization at the B3LYP/6- labeled IVa, Vb, and IVc in Table 4 are believed to be the

) . first, second and third excited states of a single mode of
311+-+(3df,2pd) level, which, for conformer IV, predicted vibration. A calculation of the vibrational frequencies performed
— —1.26 D,up = —0.12 D, anduc = 0.26 D. ; d b

for conformer IV at the B3LYP/6-31t+(3df,2pd) level
The experimentally determined rotational transition frequen- predicted that the torsional motion about the-<C2 bond would
cies were subjected to a least-squares analysis, by use obe the lowest in energy (94.1 c), so it is considered likely
Sgrensen’s Rotfit prograf.The Hamiltonian employed was  that states IVa, Vb, and IVc correspond to this motion. The
that appropriate for a semirigid asymmetric rotor and the effects states given as IVd and IVe are likely to be the first excited
of centrifugal distortion were described by the Watson states of the torsional motion of thePH, group and the lowest
A-reduced Hamiltonian in thé? representation. It was found  energy bending vibration, which are predicted to occur at 174.7
that only two of the quartic centrifugal distortion constants, and 195.1 cm?!, respectively. An exact assignment of states
namely, A; and Ak, were determinable from the observed |Vd and IVe to one or other of these two modes is not possible
transitions and therefor&g, o, andok were held fixed at the  from the available spectral data, since both display transitions
values obtained from the DFT calculation at the B3LYP/6- of similar intensity, displaced by a small shift in frequency from
311++(3df,2pd) level. The observed transition frequencies and transitions in the ground-state rotational spectrum.
the residual differencesv between the observed and calculated  Assignment of Conformer I1l. A prediction for the rotational
frequencies are in the Supporting Information, Table 4S, while spectrum of conformer Ill was made by evaluating the dif-
the spectroscopic constants obtained from the fit are given in ferences between the experimental ground-state rotational
Table 3. The comparatively large error associated with the constants of conformer IV and the equilibrium constants
rotational constan®, can be attributed to the failure to detect obtained for this conformer from an ab initio calculation at the
eitheruy or uc transitions, since the observed a-type transitions MP2/6-31H+G(3df,2pd) level. These differences were then
do not depend o, to a large extent and therefore this applied as a correction to the rotational constants calculated at

aFixed at value obtained from B3LYP/6-3%1(3df,2pd) density
functional calculation.

parameter cannot be precisely determined by an analygig of
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TABLE 4: Experimentally Determined Spectroscopic Constants for Vibrationally Excited States of Two Conformers of
Cyclopropylmethylphosphine

spectroscopic state
constant Illa b IVa Vb Ve IvVd Ve
AIMHZ 10878 10878 10950.2(39) 10 957(26) 10 959 10 959 10 959
B/MHz 1982.243(17)  1985.57(10)  1940.700(11)  1937.397(18)  1934.001(24)  1944.961(53)  1944.36(19)
CIMHz 1830.427(19)  1832.72(12)  1802.125(11)  1800.505(16)  1798.890(32)  1803.611(57)  1803.08(20)
AJkHz 0.6 0.6 0.533(9) 0.557(18) 0.556(17) 05 0.5
AxdkHz —4p —4p —3. —2.10(25) —2.46(34) —6.67(43) —1.40(66)
Axl/kHz 29.2 29.2 26.1 26.1° 26.1° 26.1 26.1
dJkHz 0.1 0.1 0.07 0.07 0.07 0.07 0.07
Ok/kHz 2.3 2.2 1.9 1.9 1.9 1.9 1.9
olkHz 0.22 0.21 0.25 0.22 0.29 0.09 0.09
N 24 18 83 37 27 13 8

aFixed at experimental value obtained for ground-state spetiéged at value obtained from B3LYP/6-31%-(3df,2pd) density functional
calculation.

the same level of theory for conformer Ill. Using these corrected
rotational constants in conjunction with a set of quartic
centrifugal distortion constants from a DFT calculation per-
formed at the B3LYP/6-31t+G(3df,3pd) level enabled a
prediction of the spectrum of conformer Ill to be evaluated.
This prediction allowed the characteristic a-type, R-branch
transitions of this conformer to be readily assigned. The DFT
calculation undertaken for this conformer predicted that the
components of the electric dipole moment wouldihe= 0.93

D, u, = —0.45 D, anduc = 0.63 D. Therefore, having fitted

correction to that previously used for conformer Ill. Use of this
prediction allowed the assignment of a weak a-type spectrum
and a richer b-type spectrum. This is consistent with an estimate
of the electric dipole moment components at the B3LYP/6-
311++G(3df,2pd) level, which gave, = —0.77 D,u, = —0.93

D, anduc = 0.19 D. The observed transition frequencies and
residual errors from the least-squares fit of this conformer are
included in Supporting Information Table 10S, and the spec-
troscopic constants obtained from the fit are given in Table 3.
It was found that the five quartic centrifugal distortion constants

the a-type, R-branch transitions in a least-squares analysis, aand the sextic distortion constaptx were required to give a
described above, it was possible to predict the frequencies ofsatisfactory quality of fit.

the c-type transitions to within a few megahertz. A number of |t was not possible to identify any transitions belonging to
these transitions were subsequently identified and included iNvibrationally excited states of this conformer when either the

the fit, leading to a significant improvement in the error siandard mode of operation or the RFMWDR technique was
associated with the rotational constagtas expected. No b-type | 5eq.

Eﬂiqs't'cx‘;sﬁiiﬁng?fgrt\é,eg;gr 4tg'§) %0n{ﬁ;m[?éirdf;gﬁfattigisfaa Failure to Detect Conformers | and Il. No transitions were
Hb ) Y identified that could be attributed to either conformer | or I,

performed for this conformer. It should be noted, however, that despite having used the REMWDR method to perform careful

Iehneatfll:??r?(?f?gtucéfntt:)ig;ho?t-hsrg)(}t C';ygzngi)ttiitr'gglbtéanrzz'iz;]es dsearches of the frequency ranges in which transitions were
d yp P predicted by use of spectroscopic constants obtained from

with a high degree of accuracy. The failure to observe b-type quantum chemical calculations.

transitions suggests that the value of given by the DFT . . .
calculation represents an overestimate in this case. Relative Intensity Measurements Approximate values for
Experimental measurements of transition frequencies andthe relative energies of the three conformers of cyclopropyl-
residual errors for conformer Il are included in Supporting Methylphosphine observed spectroscopically were determined
Information, Table 1S, while the spectroscopic constants PY comparing the intensities of selected ground-state transi-
obtained from the least-squares analysis of this conformer arelions?® with the assumption of a Boltzmann distribution among
reported in Table 3. It was found that all five of the quartic the conformers, and using the values of the dipole moments
centrifugal distortion constants, together with the sextic distor- OPtained from the B3LYP/6-3+G(3df,2pd) geometry op-
tion constantp,, were required to give a satisfactory error in fimizations. In this way, conformer IV was found to be the
the fit. lowest in energy, with conformer Il being higher in energy by
Rotational spectra belonging to two vibrationally excited 1.7 kJ mottand conformer V higher than IV by 2.4 kJ mél
states were assigned with the aid of the RFMWDR technique. It can be seen from Table 2 that these values are in good
The spectroscopic constants obtained by fitting these spectra@dreement with the findings of the ab initio study conducted
are included in Table 4 (spectra are given in Supporting O this molecule.
Information Tables 2S and 3S). A calculation of the vibrational A comparison of relative transition intensities was also used
frequencies of conformer Il conducted at the B3LYP/6- to estimate the energy difference between the vibrationally
311++G(3df,2pd) level of theory predicted that the lowest excited state IVa, believed to correspond to the 1 level of
energy vibrations would be the torsional motion about the-C1 the torsion about the CiC2 bond, and the vibrational ground
C2 bond (90.3 cmt), the torsional motion of the -PHyroup state of conformer IV. A Boltzmann energy distribution was
(150.2 cn1l), and the lowest energy bending vibration (191.7 assumed once more, and by comparing a number of transitions
cm™1), as was the case for conformer IV. The state labeled llla belonging to both states, a value of 80.1¢mvas obtained,
in Table 4 was attributed to the torsion about the-C2 bond which compares favorably with an estimate of 94.17ém
and it is assumed that state Illb corresponds to either the torsionpredicted for this mode from the aforementioned DFT calcula-
of the -PH group or the lowest energy bending mode, but a tion. A similar treatment for state llla yielded a value of 114.7
definitive assignment is not possible from the available data. cm™* for the v = 0 < 1 transition, as compared to 114.7 ¢
Assignment of Conformer V. An accurate prediction of the  from the DFT calculation. Owing to the inaccuracies inherent
spectrum of conformer V was made by employing a similar in the determination of relative intensities, the error associated
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TABLE 5: Geometries® of Three Conformers of The possible interaction between one of the phosphine H-atoms
Cyclopropylmethylphosphine from ab Initio Calculations at and the electron density associated with the so-called banana
the MP2/Aug-cc-pVTZ Level of Theory bonds along the edges of the cyclopropy! ring would represent
conformer the formation of an intramolecular hydrogen bond. It was,
molecular dimension n v Vv however, difficult to find convincing evidence of a close
Bond Lengths approach betyveen a phosph?ne H-atom and the midpoint of the
r(P—Hy) 141.4 1415 1415 C2—-C3 bond in the two synclinal (obsolete gauche) conformers
r(P—Hy) 141.5 141.5 141.5 (namely, conformers Il and IV) in which hydrogen-bond
r(P—Cy) 186.6 186.3 186.7 formation might occur. The distance associated with this
r(Ci—Hy) 109.2 109.3 109.0 parameter was found to be 304 pm for conformer Il and 288
r(Ci—Ha) 109.1 109.4 109.3 in th f conformer IV, which is not considered to be
r(C,—C) 150.5 150.3 150.5 pm in the case o '
r(Co—Ha) 108.3 108.3 108.3 significantly dlfferen'F_ from that expect_ed from the sum of the
r(C,—C) 150.5 150.6 150.6 van der Waals radii of the groups involved-Z90 pm)2:
r(C,—Cy) 150.5 150.3 150.4 Equally, the consistency of the bond lengtfi3—H;) andr(P—
r(Cs—He) 108.8 108.0 108.0 H,) from the MP2/aug-cc-pVTZ calculations for conformers
r(Cs—Hy) 108.8 108.1 108.1 [l =V suggests that if an internal hydrogen bond is formed in
r(Cs—Cy) 150.9 151.0 150.9 . : : .
r(Ca—H) 107.9 107.9 107.9 glther c_onformer 11l or 1V, then the magnitude of this bonding
r(Ca—Ho) 108.1 108.1 108.1 interaction must be very small.
Bond Angles Weak evidence in favor of the stabilization of this molecule
O(H.,P,G) 96.9 96.7 97.9 by intramolecular hydrogen bonding is provided by the fact that
O(H2,P,G) 97.9 96.7 96.6 out of three conformers whose microwave spectra were re-
0(P1,C1,C) 109.8 115.4 109.9 corded, the two most stable conformers were those in which
Sg:&g%g 138-8 1(1)3-5 i(l)ég the cyclopropyl banana bonds and a phosphine H-atom may
D(CiCZCj) 119.5 119.6 119.6 approach and interact, which is not p(_)SSlbIe for cqnformer V.
0(C1,C,Ca) 118.6 118.8 118.8 This may, however, be purely coincidental and is far from
0(Hs,C2,Cy) 115.4 115.2 115.3 conclusive evidence in any case.
0(Hs,Cs,Co) 118.2 118.4 118.2
d(H+,Cs,C 117.0 117.0 116.9 ;
D%H;,Cj,cg 118.6 118.6 118.5 Conclusions
0(He,.Cs,Co) 116.7 116.8 116.6 The microwave spectrum of cyclopropylmethylphosphine was
Dihedral Angles recorded in the 1262 GHz frequency range by means of Stark-
O(H,P-C1,C) —74.0 48.3 163.9 modulation microwave spectroscopy. Transitions observed in
BE;‘Z&E:SLSZ)) _igi-g _1456308 ffé57 this spectrum could be assigned to the three gauche forms
D(chl—CEZCi) 848 83.6 8.6 possible for this molecule. The rotational spectra of seven
[(H3,C:—Cx,Cs) —86.9 —84.3 —87.4 vibrationally excited states of the molecule were also observed
[(H4,C1—C5,Cs) —37.8 —37.0 —38.5 and a number of these were tentatively assigned with the aid of
0(Hs,C,—C1,P) —59.3 —60.5 —65.7 DFT calculations.
55:6*83:82'213 1_4(‘)1-:' i”(')“él _134;1 It was found that equilibrium structures obtained from ab
D(H;:Cz_czci) 1429 1429 14238 initio geometry optimizations performed for the three gauche
[(He,C3—C5,C1) 2.0 1.9 16 conformers at the MP2/aug-cc-pVTZ level of theory had

equilibrium rotational constants with values very similar to the

experimental, ground-state rotational constants of the corre-
sponding conformers. The differences were typically on the

order of 1%, which represents a close agreement between
experiment and theory, even when the minor differences
betweenry andre structures are considered.

The relative energies of the three observed conformers were
also evaluated by comparing the intensities of rotational
transitions and by G3 quantum chemical calculations. There was
found to be good agreement between the calculated and
experimentally derived values of the relative energies of these
three conformers.

a Distances are given in picometers and angles are given in degrees

with these experimentally derived values is estimated to be on
the order of 15-20 cnt™.

Stark-Effect Measurements.It was not possible to a make
guantitative measurement of the dipole moment of any con-
former of cyclopropylmethylphosphine by means of the Stark
effect, as the low} transitions used in such measurements lacked
sufficient intensity.

Intramolecular Hydrogen Bonding
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