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Abstract: The rotational spectra of the cyclopropatiemethylamine (CYCTMA) and cyclopropanedimethylamine
(CYC-DMA) complexes have been observed using a pulsed nozzle, Fourier transform microwave spectrometer.
The spectrum of CYETMA is characteristic of a symmetric tof, = 1172.2800(1) MHz. Unlike the symmetric

top complex of cyclopropareammonia Chem. Phys. Lettl994 218 349-352), the CYCTMA complex did not

exhibit effects from internal rotation about thg &is. The CYCDMA complex has an asymmetric top spectrum

with A = 5095.137(9) MHzB = 1456.477(2) MHz, and€C = 1301.365(1) MHz. Both structures have the amine
sitting above the ring, with the lone pair pointing toward the cyclopropane. A comprehensive discussion of the
three cyclopropaneamine complexes in terms of spectral characteristics and constants, structure, strength, and
dynamics is included, as well as an effort to understand the origin of these interactions from an examination of the
electrostatic potential of cyclopropane. We also contrast the cyclopref@se complexes with the cyclopropane

acid complexes found in the literature.

Introduction description of cyclopropane since the HX hydrogen is attracted
to the area of highest electron density of the ring (the bent bond).

Little work has been done on complexes of cyclopropane with
Qon-hydrogen donor moieties. Recently, however, we found a
new structure for cyclopropane complexes with the study of
the cyclopropaneammonia compleX. The structure of
CYC-NHj3 is stacked with the lone pair of the nitrogen atom
pointing toward the center of the cyclopropane ring. The
complex has a symmetric top spectrum with free or nearly free
internal rotation of the ammonia subunit about theaRis.

In light of this novel structure, we have investigated two more
amine complexes, cyclopropangimethylamine (TMA) and
cyclopropane-dimethylamine (DMA). TMA has a significantly
larger proton affinity than ammonia (Rfw = 221.6 kcal/mol
and PA, = 202 kcal/mol)l® The proton affinity of DMA
(217.8 kcal/mol}° falls between that of TMA and N# Thus,
any predominant structural and dynamical variations in this
series could provide interesting information on the relationship
of such energetic properties to the structures and stabilities of
van der Waals complexes. In addition, DMA has an asymmetry

Cyclopropane has unusual properties with respect to binding
and reactivity when compared to other cycloalkanes. This
prototype triangular shaped species undergoes certain reaction
(for example, electrophilic addition of bromine) that are more
analogous to ethylene and other olefin molecules than to typical
cycloalkanes.

Two models that are often used to explain the characteristics
of cyclopropane are the Coulson and Moffitt bent bond mbdel
and the Walsh sphybridized orbital modet. The Coulson and
Moffitt model describes the €C bonds of cyclopropane as
“bent” since the maximum electron density is not along thelC
internuclear axis; rather, appreciable electron density is found
off this axis, directed away from the ring. In addition to the
electronic charge in the bent bonds, theoretical stddiase
shown that there is significant electron density spread out about
the entire ring plane.

With this knowledge, chemists have used rotational spec-
troscopy to look at weak hydrogen-bonded complexes of

5 .HC] 6 . 7
cyclopropane (CYC), such as CYIEF,> CYC-HCI,> CYC-H0, absent in the symmetric top molecules of TMA and ko

and CYGHCN¢? in order to determine the structure of the ) .
. - we are particularly interested to learn whether any structural
complex and the mode of interaction. In each case, the complex . :
changes occur in this complex compared to CYKA and

exhibits an overall structure in which the HX subunit lies in CYC-NHs.

the plane of the cyclopropape ring and is hydrogen bonded to The purpose of this work is to understand how these prototype
the center of one of the equivalentC bonds. The results of . . - ;
- i . . amines interact with cyclopropane, to evaluate how their
these studies are consistent with the Coulson and Moffitt ;
complexes differ from hydrogen-bonded cyclopropane com-
® Abstract published ifAdvance ACS Abstractfecember 15, 1995. plexes, and to explore how the electronic charge distribution
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spectrometer equipped with a pulsed nozzle sotirdgne widths were
typically 30 kHz full width at half maximum with center frequencies
estimated to be accurate to approximatety kHz. Stark effect
measurements for the TMA complex were made by using two 50 cm

x 50 cm steel mesh grids, separated by a distance of 30 cm, placed
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Table 1. Center Transition Frequenciesgfg for
Cyclopropane-Trimethylamine

above and below the cavity. The voltage applied to the grids can vary
from 0 to 10 kV with opposite polarity. The electric field was calibrated
by measuring the Stark shift of the<t O transition of OCS 4 =
0.715196 D)@

The sample was composed of approximately 2% each of CYC and
1N-TMA (both obtained from Aldrich Chemical Co.) seeded in a 80:
20 neon/helium carrier gas mix at a total pressure-62 atm. The
15N-TMA (99 atom %?5N) sample was obtained from Isotech Isotope
Laboratories in the form of the hydrochloride salt. THg-TMA was
liberated from the salt by the addition of NaOH pellets and a few drops
of 2 N NaOH solution. The evolving gas was passed through a trap
held at—78 °C and collected in a liquid nitrogen trap.

A sample of similar composition was used in the GDMA
experiments. DMA was obtained from Linde. THN-DMA (99 atom
% N) was also obtained from Isotech Isotope Laboratories as
N(CHs),H-HCI. It was liberated with basically the same procedure
described above, although the DMACI was more sensitive to the
amount of NaOH used in the extraction; too much base would quench
the liberation of DMA from its hydrochloride salt. The N(GED
species was formed by allowing N(GJz2H and DO to undergo proton
exchange in a glass bulb. The water species were separated into
trap held at-78 °C and the N(CH).D gas was collected with a liquid
nitrogen trap. In addition, extensive conditioning of the sample inlet
line with D,O was required to observe signals from this isotopomer.
The 1,1-d-CYC (98 atom % D) species was purchased from MDS
Isotopes.

Results and Analysis

A. Spectral Assignment. i. Cyclopropane-Trimethyl-
amine. The model used for the CYCMA complex was
similar to the stacked symmetric top structure found for
CYC-NHg3;, but with a shorter interaction distance. Transitions
(up toJ =7, K = 5) were observed and least-squares fit to the
expression for a symmetric tdpy = 2Bo(J + 1) — 4Dy(J +
1) — 2D(J + 1)K2 The fits for both the CYE‘N-TMA
species and the CY-&N-TMA isotopomer are found in Table
1. The electric quadrupole coupling constant of the G-
TMA species was determined from a fit of the quadrupole-split
components that arise from the coupling of the nuclear spin of
the“N nucleus with the molecular rotational angular momentum
of the complex. The experimental value of the quadrupole
coupling constant determined for the complex wag =
—5.387(3) MHz. The fit of the quadrupole-split transitions can
be found in Table S1. (See the paragraph at the end of the
paper regarding supporting information.) The spectroscopic
constants derived from the fit of center frequencies are listed
in Table 2.

Stark effect measurements were made on the CETMA
species. Th& = 0 andK = 0 transitions demonstrated the
first- and second-order Stark shift patterns, respectively, ex-
pected for a symmetric top. The second-order shifts of the 4
3p and 5—4 transitions were used to calculate the total dipole
moment of the compley; = 1.00(2) D. As with the CY@\H3
spectrum, the CYaMA spectrum was initially very compli-
cated to understand because of overlapping quadrupole com
ponents of differenkK states and was best understood after the
assignment of the CY®N-TMA species. No additional
transitions were found in the spectrum.

ii. Cyclopropane—Dimethylamine. The spectrum of cy-
clopropane-dimethylamine was discovered by again using a

transition CYC-“N-TMA CYC-15N-TMA
Je=3"%  vopdMHZE  Av/kHZP Vord MHZ Av/kHZP
30—20 7033.539 0.3 7011.181 2.2
31-2; 7033.471 0.5 7011.111 0.0
32, 7033.266 -0.1
453, 9377.906 0.7 9348.090 -—2.8
4,3, 9377.813 -1.4 9348.002 -0.4
4,3, 9377.538 -3.8 9347.733 1.8
4535 9377.087 -0.3 9347.283 3.9
50—4o 11722.149 25 11684.881 —1.0
5—4, 11722.034 1.1 11684.768 —1.0
5,—4, 11721.692 -0.1 11684.430 0.1
5s—4 11721.124 -0.1 11683.864  —0.9
5y—44 11683.073 -0.8
60—50 14066.231 0.1 14021515 —0.2
6:—5; 14066.096 1.4 14021.380 0.4
6,—52 14065.685 -0.6 14020.970  —2.7
65—53 14065.005 1.0 14020.293 -1.6
64—54 14019.346 0.7
65—55 14018.126 1.3
7o—60 16410.127 -0.3 16357.961  —0.2
7,—6, 16409.967 -1.2 16357.806 3.0
7,—65 16409.490 -1.1 16357.328  —0.3
7:—65 16408.697 1.1 16356.539 1.8
a 7,-6, 16355.428 -1.6
75—65 16354.005 -0.6

2 For the'N species, this is the center frequency in the absence of
hyperfine splitting from thé“N nuclear electric quadrupole moment.
The quadrupole-split transitions are provided in the supporting informa-
tion. ® Av = vops - Veac Whereve, is obtained from the rotational and
distortion constants found in Table 2.

Table 2. Spectroscopic Constants for the Isotopic Species of
Cyclopropane-Trimethylamine

constants CYE‘N-TMA CYC-5N-TMA
Bo/MHz 1172.2800(1) 1168.5532(1)
Dy/kHz 1.306(1) 1.300(1)
Dik/kHz 11.360(9) 11.302(4)
xadMHz —5.387(3)
n? 19 23
AvimdkKHZ? 1.3 1.7

aNumber of transitions in the fi Avims = { (3 (Vobs — Vcaid?)/n} ¥2

stacked structural model. We assumed an interaction distance
that was close to what was obtained for CY®A. (R is
denoted as the interaction distance, the distance from the center
of mass (COM) of cyclopropane to the nitrogen atom.) Previous

work on water-amine complexé415suggested that the change

in R would be small, on the order of 0.03 A. The quantum
numbers were assigned with the aid of the nuclear quadrupole
splitting pattern. Unsplit center frequencies were fitted to the
standard Watson S-reduced semirigid rotor Hamiltoniin (
representation). We observedype transitions and a couple

of very weakc-types; ndb-type transitions were detected despite
accurate predictions based on the fittec&ndc-type transition
frequencies. We also assigned the spectra of the -&XE
DMA, CYC-(CHs),ND, and1,1-d,-CYC-DMA species. Al-
though there were extra transitions in the normal species, no

additional transitions were observed in some of the correspond-
ing J + 1 — Jregions in the other isotopomers. Our attempts

to identify quadrupole patterns and to assign these transitions
as tunneling doublets proved unsuccessful. The fit of the center

frequencies can be found in Table 3.
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Table 3. Center Transition Frequenciegfg for Cyclopropane-Dimethylamine Isotopomers

CYC-N (C H3)2H

CYC'lSN(CHg)zH

CYcC- N(CH3)2D

1,1-d,-CYC-N(CHz)H

transition

Jkokp—J Kokp vobd MHZ2 AvIkHZP vobd MHZ2 AvIkHzP Yobd MHZ2 AvIkHZz? Vobd MHZ2 AvIkHZz?
31— 212 8037.550 0.1 7990.240 0.6 7953.730 3.0 7794.148 2.7
30— 202 8253.885 0.5 8202.955 -0.5 8155.232 —6.9 8007.511 —4.3
30221 8272.914 1.6
31—220 8292.288 —6.3
31211 8502.730 —6.4 8447.051 -0.1 8385.362 -0.5 8254.045 -1.0
S505—4%13 9141.579 -0.5
414313 10711.047 0.6 10648.156 -1.0 10599.927 —4.4 10386.442 3.2
404—303 10982.506 0.6 10915.380 3.9 10853.646 9.1 10653.615 5.7
413312 11330.796 0.2 11256.766 -0.1 11175.027 1.1 10999.107 1.7
31202 12456.377 -0.2
S515—4 13379.949 1.1 13301.630 0.9 13242.054 1.8 12974.081 —0.9
S05—404 13692.366 4.0 13609.648 -5.0 13535.410 -3.2 13280.646 -2.1
514~z 14153.273 9.0 14061.092 0.0 13959.769 —0.5 13738.471 -0.7
616—515 16043.449 6.3 15949.864 -0.4
606—505 16380.159 —11.6 16282.569 1.8
615—514 16968.379 -1.7 16858.337 0.1

aFor the“N species, this is the center frequency in the absence of hyperfine splitting frolfi\timeiclear electric quadrupole moment. The
guadrupole-split transitions are provided in the supporting informatidn. = vops — veac Wherevegc is obtained from the rotational and distortion
constants found in Table 4.

Table 4. Spectroscopic Constants for the Isotopic Species of Cycloprefaimeethylamine

CYC-N(CHs).H

CYC-15N(CHs).H

CYC-N(CHs).D

1,1-d,-CYC-N(CHg)oH

AMHz 5095.1372(89) 5082.4(2) 4994(1) 4899.5(8)
B/MHz 1456.4775(16) 1446.4790(8) 1434.055(3) 1414.596(2)
CIMHz 1301.3653(12) 1294.1614(7) 1290.133(3) 1261.244(2)
Dy/kHz 2.421(9) 2.345(8) 2.29(4) 2.21(3)
Dyi/kHz 14.7(2) 15.5(5) 17(2) 14(1)

di/kHz —0.26(2) —0.236(5) —0.22(3) —0.27(2)

xad MHZ —5.049(3) ~5.071(11) —5.038(8)
Yo/ MHZ 2.924(4) 2.923(15) 2.936(21)

Poo 70.273 70.278 70.258 73.293

e 16 12 9 9

AvimdkHZ" 4.7 2.0 4.4 2.9

aNumber of transitions in the fi Avims = {(3 (Vobs — Veaigd)/N} 12

The quadrupole coupling constants for #id nucleus in the
CYC-“N-DMA, CYC+(CHs),ND, and1,1-d,-CYC-DMA spe-

cies were determined from a least-squares fit of the quadrupole-

split components (Tables S2 and S3). The line widths for the
latter two species were on the order of-6ID0 kHz wide
(fwhm) on account of unresolved splittings due to deuterium
quadrupole effects. The values for the quadrupole coupling
constants and the other spectroscopic constants for the[IM&E
complex are listed in Table 4.

B. Structure. i. Cyclopropane—Trimethylamine. CYC-
TMA has a symmetric top spectrum. Hence, only one param-
eter, namehR, can be determined from the moments of inertia
of the two isotopic species, assuming that the monomer
structures of cyclopropate and trimethylamin¥ are not
perturbed upon complexation. Two structures were obtained
using a least-squares procedure to deterrrfeom the two
isotopes. Structuré has the TMA above the cyclopropane
molecule with the nitrogen atom pointing toward the ring; the
interaction distanc® (distance from N to the COM of the ring)
for this structure is 3.4060(1) A. Structuiteis also a symmetric
top with the TMA above the cyclopropane ring, but with the
methyl groups pointing toward the ring. In this structuRes
4.120(4) A. The quality of the first fit was much better for the
two isotopomers Alms = 0.031 amu R) than for the second
(Alims = 1.14 amu &). In essence, the nitrogen isotope shift
data are only consistent with the nitrogen end of TMA being
closer to cyclopropane than its methyl end. In addition, previous

(16) Endo, Y.; Chang, M. C.; Hirota, El. Mol. Spectrosc1987, 126,
63—71.

(17) Wollrab, J. E.; Laurie, V. WJ. Chem. Physl969 51, 1580-1583.

(18) Wollrab, J. E.; Laurie, V. WJ. Chem. Phys1968 48, 5058-5066.

Table 5. Structural Analysis of Cyclopropard rimethylamine

structurel structurell

N lone pair N methyl groups

toward ring toward ring
R(N-ring COM)/A2 3.4060(1) 4.120(4)
nitrogena-coord/& 1.206 1.923
Almdamu A2 ¢ 0.031 1.138

aCOM is center of mas®.This is the value determined from the
least-squares fitting of the moments of inertia for the two isotopes.
Thea-coordinate of the nitrogen atom from Kraitchman’s equation (see
ref 30) is 1.180 A, confirming that structuteis preferred® Alyms =
{(Z(lops — lca?/n} 22,

experience with weakly bound complexes indicates that an
interaction distancefo4 A or greater is unusually large, also
making the value of 4.120 A unreasonable.

These structural arguments (summarized in Table 5) led to
the conclusion that the structure (averaged over zero-point
motions, anr, structure) of the CYETMA complex has the
TMA sitting above the cyclopropane molecule with the nitrogen
lone pair pointing toward the center of the ring. The small
uncertainty inR listed in Table 5 is the statistical value from
the least-squares fitting. It is not easy to quantitiatively estimate
the deviation of the, structure from that of the equilibrium
structurer.. Given the floppy nature of weakly bound com-
plexes, vibrational effects could be sizable. An uncertainty in
R of 0.03 A is perhaps more realistic.

Some additional information on the deviations from a
symmetric top symmetry arising from zero-point motion (de-
noted by the angle’) can be obtained from the quadrupole
coupling constant and is discussed below. The pictorial
representation of the CYTMA complex can be found in Figure
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|
|
|
R = 3.4060 (DA

Figure 1. The structure of the cyclopropan@MA complex.Ris the
separation between the nitrogen atom of the TMA and the center of
mass of the cyclopropane ringis the vibrationally-averaged bending
angle formed between the;Gxis of TMA and thea axis of the
complex.

1. No information can be obtained from the spectrum on
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Figure 2. A plot of APy, Vs 7. APy, is the difference betweehy, of
the normal species and thgl-d,-CYC-DMA speciesz is the rotation
angle of cyclopropane about its; @xis ¢ = 0° is defined in Figure
4). The solid curvel) represents the calculatédPy, asz varies from
0 to 180; the dotted curve) represents the experimentally determined
value of APgp.

whether the methyl groups stagger or eclipse the cyclopropane \

CH; groups.

ii. Cyclopropane—Dimethylamine. Our data suggests that
the structure for the CY@MA complex contains a®c plane
of symmetry. Comparison of the planar momeRg,(= 0.5(,
+ Ic — lp) = Ymb;?) for the normal species with those of the
isotopic species CY@N-DMA and CYC:N(CHjz),D suggests
that the substituted atoms lie in tlhe symmetry plane of the
complex (see Table 4) since their values Ryp change only
slightly when isotopic substitution occurs at those atom posi-
tions. Also, Py, of the complex (70.2733 amu?fis nearly

equal to the sum of the planar moments along the symmetry

axes of free DMA Py, = 50.4481 amu A) and free CYC (B

= 20.1254 amu A), indicating that the symmetry planes of the
individual monomers are contained within the symmetry plane
of the complex. And lastly,b-type transitions were not
observed.

Although Py, of the normal species nearly equals the sum of
the Pyp's of the individual monomers, this is not sufficient to
assure that aac plane of symmetry exists in the complex. For
the normal isotopic species, rotation of cyclopropane about its

¢DM,A, /%/ g

Figure 3. Structural parameters of the cyclopropaigmethylamine
complex.fcyc describes the tilt of the cyclopropane plafigua is the

tilt of the DMA. R is the distance from the nitrogen atom to the COM
of the cyclopropane ringscyc and¢gpua are the wagging angles of the
cyclopropane ring and DMA monomers respectivelyepresents the
torsional angle. The COM of each monomer is denoted by a@pt (
¢dcve, ¢oma, and T are the parameters that define ao plane of
symmetry (see text).

Cs symmetry axis produces the same rotational constants andof symmetry. Therefore, th#,1-d,-CYC-DMA isotopic data
planar moments. Therefore, we cannot determine the positionindicate that CYGDMA has anac plane of symmetry.

of one monomer relative to the other along that axis and cannot
prove that the complex has a plane of symmetry based on thiscy e

Assuming that the structures of the individual monomers of
and DMA!8 do not change significantly upon complex-

planar moment data alone. Instead, we need to compare theation, we have least-squareslfit andl for all four observed

planar moment of th&,1-d,-CYC-DMA species with the planar
moment of the normal species. Thg-d,-CYC-DMA isoto-
pomer breaks the symmetry of the cyclopropane ring, so nhow
rotation about the €axis will result in different values for the
planar moments. A plot chPyy vs T (Figure 2) represents how
the difference APy betweenPyy, of the normal species and
the 1,1-d,-CYC-DMA species varies as cyclopropane rotates
about its G axis (rotation denoted by). As 7 changes, the
value of APy, oscillates as the CPgroup rotates into and out

species in order to obtain a structure for this compléx.was

not included in these structural fits because this value was not
well determined for all the isotopes. Due to the decrease in
intensity of the isotopic transitiong-type lines were only
assigned for the normal species. In addition, the out-of-plane
tilts of the individual monomers affedt, more than they do

Ipp OF I cg; therefore ] aawill be most contaminated by vibrational
motions leading to less useful values. The structural parameters

of structures that contain a symmetry plane. The undeuteratedfor this complex are described in Figure 8cyc describes the

complex only maintains aac plane of symmetry whenequals

0°, 60¢, 120, or 18C. These angles are indicated on the curve
in Figure 2 by the open square data points. The dotted line
with the diamonds represents the experimeA®), value. The
experimental value oAPy, nicely intersects with the positions
on the curve that represent structures that contaiacgriane

tilt of the cyclopropane plane, and is defined by the in-plane
cyclopropane Chicarbon (denoted as C*), the center of mass
(COM) of cyclopropane, and the nitrogen atomQ*—COM-
cyc—N). 6Opua is the tilt of the DMA and is defined by
OCOMpma—N—COMecyc. Ris the distance from the nitrogen
atom to the center of mass of the cyclopropane ring.
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Table 6. Planar Structures for CYADMA Consistent with
Experiment

structurel structurell
DMA H eclipsing CH.  DMA H eclipsing C-C
RIA 3.440(7) 3.440(7)
Ocvc/deg 83(1) 98(1)
Homaldeg 121.1(9) 121.0(9)
Almdamu A2 b 0.124 0.119

aSee Figure 3 and text for description of parametersims =

{C(lobs — |calc)2)/n} vz,

(a)

(b)
Figure 4. Conformers for cycloproparedimethylamine consistent

with moments of inertia: (a) structute (b) structurdl . Both figures
haveR = 3.440 A andfpwa = 121°.

When the dihedral angles that determine planarity are fixed
to produce amc plane of symmetry, namebycyc = 90+ 180,
¢oma = 180° £ 18C°, andr = 0° + 60°, the fitting produces

two structures whose difference can be essentially described a$XP€SSI0¥aa =

a 180 rotation aboutr, the torsional angle between the two
monomers abouR. Structurel has the DMA hydrogen atom
eclipsing the cyclopropane GHyroup, while structurél has
the DMA hydrogen eclipsing a €C ring bond. These

J. Am. Chem. Soc., Vol. 118, No. 1, 1386

symmetry. These small deviations from a symmetry plane can
be discussed in terms of vibrational motions of the molecules
that affect the moments of inertia by up to a few percent.
Although these asymmetric structures cannot be rigorously
eliminated, vibrational averaging effects are the likely origin
of such results. In the absence of any more compelling evidence
for the less symmetric structures, we will assume in the
remainder of the discussion that one of the two symmetric forms
(found in Figure 4) is the correct structural model.

Since the moments of inertia were fit directly, without
corrections for large-amplitude vibrational motions, the uncer-
tainties in the structural parameters given in Table 6 are not a
true measure of the uncertainties in those parameters, but rather
are the result of the statistical analysis of the least-squares fitting
routine. Because of the floppy nature of weakly bound
complexes, it is difficult to estimate how the observed vibra-
tionally averaged moments of inertia are related to an equilib-
rium geometry. Therefore, it might be a more realistic estimate
of the error in the structural parameters to say tRand 6
should be within 0.05 A and°Srespectively, of their equilibrium
values.

C. Quadrupole Analysis. i. Cyclopropane-Trimethyl-
amine. The N quadrupole coupling constant of free TMA
(o = —5.5024(25) MHZz}° has changed only a small amount
upon complexation with cyclopropang.{= —5.387(3) MHz).

We can use this value to estimate the zero-point bending
amplitude of the TMA monomer in the complex, assuming that
complexation does not affect the electronic structrure at the
nitrogen atom. This value is represented/yhe vibrationally-
averaged bending angle, which is the angle betweea thés

of the complex and the symmetry axis of TMA. Using the
yo/2(3 cog y — 1)y is determined to be

ii. Cyclopropane—Dimethylamine. In order to make a
comparison between tHéN quadrupole coupling constants in
free DMA and those obtained from the complex, it is necessary

differences can be seen in Table 6 and Figure 4. Another way0 Project and rotate the principal quadrupole axis of the

of describing this is by noticing that in structurethe in-plane
C*H, group is above the DMA hydrogen atom, while in the

monomer into the complex’s principal axis system. It is
apparent that the coupling constants of DMA have not changed

other structure, the unique carbon is positioned over the methyl Markedly upon complexation. However, this calculation is not

groups of DMA.

It is not possible to experimentally discriminate between these
two structures. To do so would require better knowledge of
the positions of all the atoms in the cyclopropane ring. We

have made predictions of the rotational constants for the other

1,1-d,-CYC-DMA species and th&C species and find that the

isotope shift differences for the various species are not great

enough to unambiguously distinguish between the two struc-
tures.

If we allow the angles that determine planariy{c, doma,
and ) to vary in the least-squares fitting of the moments of
inertia and do not rigidly fix arac plane of symmetry, we find
four structures that will fit the data. In these structuk@sva
andrt vary from the plane of symmetry values by at me&’,
while ¢cyc varies up to+15°. R becomes 3.46 A (different
from 3.44 A in the symmetry plane fits), afhua converges
to about 118 (different from 122 in the ac plane fits). The
only angle that takes on distinctly different values in these fits
is Ocvc, and this allows for many possible orientations of the
cyclopropane; the C*Kcan be tilted toward or away from the
amine (giving two structures) and then either eclipsing the DMA

hydrogen or staggering the methyl groups (same ambiguity

found in the structures with aac plane), resulting in four
conformations. The quality, as determinedAlyq,s, was slightly
better with the normac plane fits than with a rigid plane of

considered to be very accurate, as the values of the coupling
constants for the nitrogen in free DMA are only goodi0.4
MHz.18 1t is also more difficult to discuss a vibrationally-
averaged bending angle for this complex since CDNA is
asymmetric, unlike the CY®IH; and CYGTMA complexes.
Because of these problems, we do not feel it is worthwhile to
make a quantitative comparison of the coupling constants in
the free amine and the complex.

Discussion

A. Electrostatic Calculations. It has been apparent for
some time that the electrostatic potential around a molecule can
be a valuable probe of its chemical and physical propeties.
Kollman and othe® have recognized that the electrostatic
potential is a very useful guide to understanding non-covalent
interactions. In addition, Ghio and Tom#&shave shown that

(19) Rego, C. A,; Batten, R. C.; Legon, A. @.Chem. Physl988 89,
696-702.

(20) Politzer, P.; Truhlar, D. G., Ed€hemical Applications of Atomic
and Molecular Electrostatic Potentials: Readgty, Structure, Scattering,
and Energetics of Organic, Inorganic, and Biological Systefignum
Press: New York, 1981.

(21) (a) Kollman, P.; McKelvey, J.; Johansson, A.; Rothenberg].S.
Am. Chem. Sod975 97, 955-965. (b) Kollman, P.J. Am. Chem. Soc.
1977, 99, 4875-4894. (c) Kollman, PAcc. Chem. Redl977 10, 365—
371. (d) Scrocco, E.; Tomasi,Adv. Quantum Chenil978 11, 115-193.

(22) Ghio, C.; Tomasi, Jrheor. Chim. Actal973 30, 151-158.
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Z/A a while striped circles denote negative potential. The size of the
circle represents the relative magnitude of the potential at that
point. The black square indicates the location of the nitrogen
atom in the ammonia complex (3.59 A above the ring plane),

while the asterisk marks the position of the nitrogen atom in

the TMA complex (3.41 A).

After study of Figure 5a, it seems reasonable that the lone
pair of the nitrogen sits above the ring, on thaxis, as this is
the region of maximum positive potential. Slight zero-point
motions rock the amine about this axis, but on average, the lone
pair is stabilized by the large positive potential found above
the ring. Figure 5b, however, is a bit more complicated; the
region of largest positive potential is not located on Zhexis,
but rather is 45-6(° off the Z axis. The question then becomes,
why does the amine not interact at this more positive region,
over a single hydrogen atom of the ring? To explain this, it is
necessary to look at the van der Waals radii of the nitrogen and
hydrogen atoms. The large shaded circles in Figure 5b represent
the van der Waals radii of those atoms, with the nitroBesy
= 1.5 A and hydrogefR,qw = 1.2 A. If an arc is mapped out
by rotating a circle with a radius equal to tRgyw of nitrogen
about a circle with a radius equal to tRggw of hydrogen, it
becomes apparent that the regions of highest positive potential
are too close to the hydrogen atom for the nitrogen atom to
penetrate without bumping of the van der Waals radii. Along
this arc, the position of largest positive potential is then found
on theZ axis, directly above the center of the cyclopropane
ring where there is no overlap of the van der Waals radii. This
gualitative (and crude) picture of the attractive and repulsive
interactions serves to rationalize the general symmetry and
structure of the complex.

It is also worth noting the regions of negative potential
(striped circles) on th& andY axes of these figures. The large
accumulations of negative charge found at the center of thé C
bent bonds explains why a hydrogen donor forms its hydrogen
bond with the G-C bond of the ring, as in the CY&X5-8
complexes previously studied.

Figure 5. Maps of the electrostatic potential around cyclopropane. N order to test the experimental results more quantitatively,
(a) XZ plane. Open circles indicate a positive electrostatic potential; €lectrostatic energy calculations were performed for both
striped circles indicate a negative potential. The relative magnitude of CYC-TMA and CYC:DMA. We examined conformations for
the potential is indicated by the size of the circle. Values are calculated both complexes in which the methyl groups of the amine were
at R= 3.0, 3.5, 4.0, and 4.5 A as measured from the center of mass of staggered and eclipsed with respect to the, Qroups of

the ring, at 18 increments. The black square indicates the position of cyclopropane. We employed the electrostatic interaction model
the nitrogen atom in the complex with NHhe asterisk identifies the of Buckingham and Fowle¥ which requires a distributed
position of the nitrogen atom in the TMA complex. (Y plane (see multipole analysi&® (DMA) OfI each subunit in the complex.

above). In addition, the large shaded circles represent the van der Waalsl_h distributed ltinol ts for th
radii of the nitrogen and hydrogen atoms. The value of the potential at € distributed muiupoles moments for the monomers were

v=-30AandZ=0Ais —0.0111 au. calculated with a 6-31G** basis set using the DMA subroutines
of the CADPAC prograr#f and can be found in the supporting

an electrostatic potential picture can be used to obtain aninformation as Tables S4 and S5. Previous stddes/e shown

ordering of proton affinities, as well as information about that the Buckingham and Fowler model produces reasonable

protonation pathways and protonation sites of three-membered-results for the geometries of many simple weak complexes even
ring compounds. We have examined the cyclopropamine though it does not include an accurate repulsive term, or
complexes using this approach to provide a qualitative under- inductive and dispersion terms. We also have found that this
standing of why the amines sit over the center of the ring.

Using Gaussian9® the electrostatic potential of cyclopro-
pane was calculated at many positions in the ring plane and (25) (a) Stone, A. JChem. Phys. Letll981, 83, 233-239. (b) Price, S.
around the cyclopropane molecule using the 6-31G** basis set.L.; Stone, A. J.; Alderton, MMol. Phys.1984 52, 987-1001.

Al (26) Amos, R. D.; Rice, J. EZambridge Analytic Deriatives Package
The potential in thexZ andYZ planes of cyclopropane can be (CADPAC) Issue 5.0, Cambridge, UK, 1992,

observed in Figures 5a and 5b, respectively. In these figures,” (27) (a) Andrews, A. M.; Taleb-Bendiab, A.; LaBarge, M. S.; Hillig, K.
open circles designate points of positive electrostatic potential W., Il; Kuczkowski, R. L.J. Chem. Phys199Q 93, 7030-7040. (b) Taleb-
Bendiab, A.; Hillig, K. W., II; Kuczkowski, R. L.J. Chem. Phys1991

(23) Gaussian90, Revision I; Frisch, M. J.; Head-Gordon, M.; Trucks, 94, 6956-6963. (c) Andrews, A. M.; Hillig, K. W., Il; Kuczkowski, R. L.;
G. W.; Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Legon, A. C.; Howard, N. WJ. Chem. Phys1991 94, 6947-6955. (d)
Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Oh, J. J.; Hillig, K. W., ll; Kuczkowski, R. LJ. Am. Chem. Sod.991
Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. 113 7480-7484. (e) Oh, J. J.; Xu, L-W; Taleb-Bendiab, A; Hillig, K. W.,
J. P.; Topiol, S.; Pople, J. A. Gaussian, Inc.: Pittsburg, PA, 1990. 11; Kuczkowski, R. L.J. Mol. Spectrosc1992 153 497-510.

(24) Buckingham, A. D.; Fowler, P. WCan. J. Chem1985 63, 2018~
2025.




Cyclopropane-Aminevan der Waals Complexes

Table 7. Comparison of Amine Complexes with Cyclopropane
and Water

cyclopropane-amine complexes

CYC-NHz? CYC-DMA CYC-TMA
PAP 202 217.8 221.6
Dy/kHz 16.61 2421 1.306
Dk/kHz 322.7 14.7 11.360
RIA 3.592 3.439 3.406
k/Nm=1 3.64 6.18 7.95
elkcalmol 0.97 1.46 1.84
water-amine complexés
H,0-NH3 H,O-DMA H>O-TMA
R/Ad 2.98 2.85 2.82

aValues obtained from ref ®.PA is the proton affinity of the free
amine monomer in units of kcal/mol obtained from ref 1¥alues
obtained from ref 149 R is the heavy atom distancBy-o.

model is helpful in understanding the structures of many SO
complexes’

The binding energies obtained from the Buckingham and
Fowler electrostatic energy calculations for the cyclopropane

amine complexes were generally at least an order of magnitude

smaller ¢~100-500 cal/mol) than what is usually obtained from
these electrostatic energy calculations1{-3 kcal/mol) for

J. Am. Chem. Soc., Vol. 118, No. 1, 1256

In fact, the shortening of the interaction distance among the
three cyclopropane complexes parallels the magnitude of that
same reduction in the wateamine complexé4 (see Table 7).

AR between the water complexes of DMA and TMA is about
0.03 A, which is the same value féR between CYGCDMA

and CYGTMA (0.033 A). TheARbetween the Ngland DMA
complexes of water and those for cyclopropane are also similar
(0.130 A for the water complexes and 0.153 A for the
cyclopropane complexes).

Itis interesting that for either of the twax plane of symmetry
structures of the CY@MA complex, there is not a pronounced
distortion of the pseud@; symmetric structure. In other words,
the asymmetry of DMA has not caused the structure to deviate
significantly from the structures of the other cyclopropane
amine complexes. The interactions between the DMA methyl
groups or the DMA hydrogen and the cyclopropane ring are
not considerably different (from those interactions in the
CYC:NH;3; or CYC-TMA complexes) to cause a perturbation
away from a neaC; symmetric form.

Often times, the size of the interaction distance is inversely
related to the strength of the complex. In order to obtain another
relative measure of the strength of these three interactions, the
pseudodiatomic model was employed. Assuming that the only
van der Waals vibrational mode contributing to thedistortion

weakly bound complexes. We have not been able to use constant is the stretching motion between the amine and

calculations based on this model to make any meaningful

cyclopropane, we can estimate a stretching force condtant,

conclusions about the structures and strengths of the cyclopro-1 NiS results in force constants of 7.95 and 6.18 Ntmvhich

pane-amine complexes or to reliably suggest which of the two
CYC-DMA conformations (Figure 4) may be more staBie.

when used with a Lennard-Jones ® potential yields binding
energies ofe ~ 1.84 and 1.46 kcal/mol for CYOMA and

~
~

Thus, at this time, the Buckingham and Fowler model seems CYC-DMA, respectively. For the CY@H; complex, these

less helpful in an analysis of these cyclopropane complexes.

Although the electrostatic energy calculations do not help to
determine a preferred structure of the cyclopropaemaine
complexes, higher levelb initio calculations might be fruitful

values are much smaller (see Table 7). The results from this
simple model rank the strengths of the cyclopropaamine
complexes from weakest to strongest as GNE;, CYC-DMA,

and CYCTMA. If we use the same method to calculate ¢he

in this endeavor; such calculations, however, are beyond the®f the CYCHX complexes (X= Cl, F, CN, OH), we obtain a

scope of this paper.

B. Comparison to Other Complexes. It is appropriate to
compare the CYaTMA and CYCDMA systems not only to
each other, but to CY®IH;®° as well. As we stated in the
introduction, we would like to compare the experimental results
of structure, strength, and internal rotation effects of these

complexes to what chemical intuition suggests the trends should
be based on the proton affinities of these amine monomers. As
we have seen from our electrostatic potential calculations about

cyclopropane, these interactions seem to be lone-pgalrogen
in nature, validating the use of amine monomer proton affinity

range of binding energies from 1.54 to 2.37 kcal/mol. The
amine complexes fall on the low side of this range, possibly
suggesting that the CY-€acid complexes (which lead to an
acid hydrogen donor interaction with the-C bond of the ring)
are stronger than the CY<base complexes, in which the roles
of hydrogen donor/acceptor have been reversed. However, the
assumptions in the model preclude any firm conclusions on the
interaction strength.

The quadrupole coupling constants can give information about
the rigidity of the complex and the electronic effects of
complexation. The value ofa, for 1*N in CYC-TMA only

values as an intuitive chemical tool to base our comparisons. differs from that in free TMA by about 115 kHz. The value
Table 7 summarizes some of the numbers that will be discussedfor ¥ (approximately 7) in the CYGTMA complex is signifi-

in this section.

cantly smaller than what was determined for the corresponding

Structurally, all the amine moieties sit above the cyclopropane angle (30.51)° in the CYCNH; complex, where theN

with the lone pair of the nitrogen pointing toward the ring. For
the TMA and NH complexes, this results in a symmetric top

coupling constant in free ammonia and in the complex differed
by more than 1.5 MHz. We would expect that the most

spectrum and structure. An asymmetric spectrum and stackedsignificant distortion of the electronic environment of the

structure is obtained for CYADMA. CYC-TMA has the
shortest N-ring COM distance of all the complexes; this is in
agreement with the comparatively large proton affinity value
of TMA. If TMA has a greater attraction for a hydrogen
atom(s) than either DMA or Nkl then we expect CYaMA

to have the shortest interaction distance and @Wd; to have

the longesR, with the value for the CYE@DMA complex falling
somewhere in between. This pattern is found experimentally.

(28) It may be of interest to the reader thsEeec of the CYGDMA
was 0.149 kcal/mol as determined from the Buckingham and Fowler
calculation in favor of structuré. Structurel has the DMA hydrogen
eclipsing a cyclopropane GHyroup (see Figure 4).

nitrogen nucleus due to complexation (as observed by a large
Ay, the difference between the quadrupole coupling constant
in the free monomer to the value obtained in the complex) would
be found in the CYCTMA complex since that complex has
the strongest interaction and the shorfestHowever, the small

Ay in CYC-TMA (and CYCDMA) implies that the complex
has small polarization effects.

In addition, the only complex for which we definitively
observe the presence of internal rotation effects about the
nitrogen—CYC axis is for CYGNH3. No additional transitions
from free or nearly free internal rotation were observed in
CYC-TMA, and although we cannot completely rule out the
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possibility of internal rotation in CY€DMA, we do not believe binding strength is CYENH3; < CYC-DMA < CYC-TMA.

the unassigned transitions arise from tunneling splittings. Since These results agree with chemical intuition as well as the proton
ammonia is the farthest from the cyclopropane and the lightest affinities of the amine monomers.

amine, the prominence of tunneling effects is not considered In addition, we have shown that there is a change in structural

unusual. type for CYGacid verses CY&base complexes. This contrast
) is reasonable when explored from the perspective of simple
Conclusion attractive and repulsion forces derived from examining the

Cremeret al# have shown that cyclopropane has significant €lectrostatic potential obtained from Hib initio calculations
electron density spread over the ring. While this electron density and consideration of van der Waals hard spheres.
is important in understanding the covalent interactions in )
cyclopropane, it is less pertinent to understanding the cyclo- Acknowledgment. This work has been supported by the
propane-amine complexes. The amine is located several National Science Foundation and a predoctoral fellowship to
angstroms+{3.5 A) above the ring plane, making the interaction SEF from the University of Michigan Graduate School. The
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the in-plane electron density between the carbons (bent bonds)
does influence the electrostatic potential in the direction of
proton approach and rationalizes the GWWX complexes.

The proton affinitie®’ of TMA and ammonia, as well as the

Supporting Information Available: Tables S-S5 listing

the quadrupole-split frequency components of the CWIA

and CYGDMA isotopomers and the distributed multipoles for
evidence in the literature on TMAIX2® complexes and the two complexes (5 pages). This material is contained in

TMA-HOH,15 suggests that TMA forms stronger interactions libraries on microfiche, immediately follows this article in the
than those of ammonia. We have shown that interactions with Microfilm version of the journal, can be ordered from the ACS,
cyclopropane, acting as a proton donor with amines, are also@1d can be downloaded from the Internet; see any current

consistent with these results. Our data imply that the order of _matsthet_ad page for ordering information and Internet access
instructions.

(29) (a) Legon, A. C.; Rego, C. AChem. Phys. Letfl989 162 369—
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