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Hydrogen-bonded complexes of cyclopentadiene with the strong bases ammonia, trimethylamine, and dimethyl
ether have been isolated and characterized for the first time in argon matrices at 16 K. Coordination of the
acidic alkyl hydrogen to the electron donor was evidenced by distinct red shifts of thst@itthing modes

of cyclopentadiene in the infrared spectrum. An additiddHl--- interaction was evidenced by the red shift

of an olefinic C-H stretching mode. Ab initio calculations yield a complex with Nbtcated above the ring,
oriented by both of these hydrogen-bonding interactions. The calculated interaction energy of the complex is
2.40 kcal/mol, with the energy being divided equally between these two interactions. This study represents
the first example of an $ghybridized carbon on a hydrocarbon taking part in-aHG+-N(O) hydrogen bond.

Introduction hydrogen bonding and its dependence on hybridization of the s
and p orbitals of the carbon and on the presence of electron-
withdrawing substituents.

It is generally known that €H bonds with high s character
nexhibit exceptional acidity, and this explains the fact that
acetylenes as a group are among the most acidic of the

The concept of the hydrogen bond is important to numerous
phenomena that lie at the interface of chemistry, biology, and
physicst In molecular recognitiod for example, a receptor must
be strong enough to hold a neurotransmitter yet weak enoug

to let go quickly once the message is delivered. Weak hydrogen . . .
bonds can facilitate this task, and the late Linus Pauling hydrocarbong! This same effect accounts for the relatively high

recognized earfthat these “velcro” bonds would be important acidity of the C-H _bonds on cyclopropane (_Cp) ringSA

to biological chemistry. Although experimental and theoretical '€cent study from this laboratdijhas characterized hydrogen-
studies of hydrogen bonds are being pursued in many labora-Ponded complexes of bromocyclopropane (BrCp) with ammonia
tories, few of these studies involve the characterization of weak @"d trimethylamine and represents the first example of a
hydrogen bonds. In particular, little is known about the way in (Substituted) Cp acting as a proton donor and only the second
which C—H bonds of hydrocarbons interact to form hydrogen €xample of an alkane taking partin a-@-:-N hydrogen bond.
bonds with electron donors. Since hydrogen bonds typically Coordination of the proton adjacent to the Br substituent on
form with the electronegative elements N, O, and F, studies the Cp ring to the nitrogen of the b_ase was evu_jenced_by distinct
involving nitrogen and oxygen bases are useful. CharacterizationPlue shifts of the &H(Br) bending modes in the infrared
of the C-H-+-O and G-H-++N hydrogen bond is important to spectrum. Ab initio calculations yield an essentially linear BrC
the modeling of hydrophilic interactions in solution and to an H***NHs hydrogen bond with a €H---N distance of 2.301 A
understanding of the structure of organic crystafhere are ~ a@nd a hydrogen-bond energy of 2.35 keal/mol. Further work

abundant examples in the recent literature ef#G++O hydrogen involving ha!ogen-substituted derivative; of pyclopropane and
bonds stabilizing supramolecular assemblies and thereforecyclopentadiene is currently underway in this laboratory.
playing a part in crystal engineerifig;luster-based organome- Matrix isolation, combined with infrared spectroscopy, is ideal
tallic chemistry and macrocyclization processefecently, for the study of weakly bound complex&s!® In general,

Vargas et af concluded that a weak-€H---O hydrogen bond hydrogen-bond formation manifests itself as a distinct shift,
between the hydrogen on arcarbon and a carbonyl oxygen broadening, and intensification of the proton donor (hydrocar-
in peptide backbones is strong enough to play an essential rolebon) stretching and bending modes. The nitrogen bases are ideal
in protein folding. Studies involving €H--+N hydrogen bonds  for such studies because they are much more likely to act as
are less prevalent but still numeroUu#\ recent theoretical Lewis bases that interact through their lone-pair electrons than
study!® employs the acetylereammonia dimer as a prototypical to donate a proto#2° Little work has been done with non-
C—H---N hydrogen bond and examines the effect of a wide hydrogen donor moieties that act as bases and thus enable the
variety of theoretical methods on the calculated geometry of study of hydrocarbons as weak carbon acids. This study was
the complex. Despite this importance, little is known abottC undertaken to characterize the complexes formed when cyclo-
pentadiene (Cpd) was co-deposited with the nitrogen bases
* Corresponding author: e-mail samet@dickinson.edu. ammonia and trimethylamine and the oxygen base dimethyl
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ether in argon and nitrogen matrices. As the prototypical cyclic strained geometry optimizations were conducted at the HF/6-
diene, Cpd is interesting in its own right from both experimental 311G+(d,p) level of calculation. On the basis of the electrostatic
and theoretical standpoints. The stability of the Cpd anion is a moments of Cpd, two initial starting geometries were selected:
cornerstone in organic and organometallic chemistry and, like (1) collinear alkyl CH--N and (2) the NH lone pair directed
benzene, validates the Huckel 4 2 rule?! It is ideal for this toward the vector bisecting the Cpd gbgroup. In both cases,
study as it is a stronger acid than most carbon acids Kits the same minimum geometry was generated, with Midated
about 15, close to the value for acetylene, which &% and toward the back of the CiHyroup, above the Cpd ring, yielding
its acidic proton is coordinated to an3dpybridized carbon. Cs symmetry. Notably, this geometry facilitated NH interaction
This study will allow a comparison with previous work with the z-electron density of the Cpd ring, in addition to the
involving CH hydrogen bonding and represents the first matrix alkyl CH:-N interaction. The HF/6-31&(d,p) minimum
isolation study involving Cpd with nitrogen and oxygen bases. geometry was refined with full HF/6-31Hd,p) and MP2/6-
In addition, to our knowledge, the-€H---N(O) hydrogen bond ~ 311G+(d,p) optimization€® Normal modes of Nk Cpd, and
formed between Cpd and the nitrogen and oxygen basesthe CpaNH3 complex were also computed at both HF/6-3#1G
employed here is the first to incorporate a proton on & sp (d,p) and MP2/6-311&(d,p) levels of calculation. The interac-
hybridized carbon that is not adjacent to an electron-withdrawing tion energy of the complex\Eint = (Ecpd + Ennz) — Ecomplex
functional group. was computed by the counterpoise meffaoad correct for basis
set superposition error.
Experimental Section

All of the experiments conducted in this study were carried Results

out in a completely stainless steel vacuum system, with Nupro  Prior to any co-deposition studies, blank experiments were
Teflon-seat high vacuum valves. Pumping was provided by a carried out on each of the bases employed here. The resulting
Model 1400B Welch vacuum pump, and a Varian HSA diffusion spectra were in excellent agreement with literature sp&céta
pump, with a liquid nitrogen trap. Vacuums on the order of as well as with spectra recorded previously in this laboratory.
10" mm at the gauge (cold cathode, Varian) were attained by Our blank cyclopentadiene experiments were in excellent
use of this apparatus. Cryogenics were supplied by a Model 22 agreement with vapor-phase vibrational stu#iééas well as
closed-cycle helium refrigerator (CTI, Inc.), which operates a matrix isolation stud involving the cyclopentadiene/iron
down to 10 K. Gas samples were deposited from 2-L stainless system. Since band assignments were straightforward, isotopic
steel vessels through a precise metering valve onto the coldsubstitution was not deemed necessary. In addition, since small
surface, which is a Csl window mounted with indium gaskets changes from parent to complex were anticipated, blank
to a copper block, which is in turn mounted with indium gaskets experiments were performed whenever a new sample was
on the second stage of the CTI Cryogenics refrigerator’s cold prepared. This ensured a precise comparison between parent
head. Deposition of the gas samples was perpendicular to theand complex spectra for every concentration of reactants studied.
cold surface. Temperatures at the second stage of the cold heatnce it was established that single-jet results did not provide
were controlled and monitored by an RMCryosystems Model  any additional information, all experiments were performed in
4025 digital cryogenic temperature controller. The vacuum the twin-jet mode. All of the results provided here are from
vessel was equipped with Csl windows and sat in the sample twin-jet depositions. Deposition window temperature as well
beam of a Nicolet Magna-IR 750 infrared spectrometer for the as reactant flow rates were varied in these experiments so that
duration of the experiment, and the sample was monitored optimal conditions for maximum product formation could be
during the entire deposition. The matrix isolation apparatus determined. In all experiments, band positions were reproducible
described here is standard and has been described thoroughlyithin +0.2 cntl. Representative spectra for the systems
elsewhere in the literaturé. described below are shown in Figures3.

The gaseous reagents employed weresN{€Hs)sN, and Cpd + NHs. Cpd/Ar and NH/Ar were co-deposited in many
(CHs)20 (all Matheson). These reagents were subjected to oneexperiments at concentrations ranging from 1000/1/1 (Ar/Cpd/
or more freezethaw cycles at 77 K prior to sample preparation. NH,, meaning Ar/Cpd at 500/1 was co-deposited with ArANH
Cpd was prepared by cracking the diffedicyclopentadiene,  at 500/1) to 200/1/1. The following new spectral features were
Aldrich, 95% purity) and its purity was checked by low- opserved in all experiments and are summarized in Table 1. In
resolution Fourier transform infrared spectroscopy (FTIR) as the parent CHl stretching region, two new absorptions were
well as NMR. The resulting monomer was subjected to several noted. The first, at 2905.9 criy appeared to the red of the parent
freeze-thaw cycles. Argon and nitrogen (Matheson) were used antisymmetric (B) stretches at 2916.0 and 2909.2 émThe
without further purification as matrix gases. second, at 2891.1 cm, appeared to the red of the parent

Samples were deposited in both the single-jet mode and twin- symmetric (A) stretches at 2898.6 and 2893.9 @min the
jet mode. In the single-jet mode, the hydrocarbon and base wereregion of the parent CHrock, there was a new product
premixed in a single vacuum manifold and diluted with argon, absorption at 896.0 cm, which appeared as a distinct shoulder
while in the twin-jet mode the two reactants were co-deposited to the blue of the parent band at 894.0¢nClose to the Chl
from separate vacuum lines. Samples were deposited at ratesock, there was a slight increase in intensity of a parent CH
ranging from approximately 0.5 to 2 mmol/h, for times ranging bending mode at 917.7 crhand a dramatic increase in a parent
from 22 to 30 h, and at temperatures ranging from 10 to 20 K. ring mode at 914.3 cmi. There was a new absorption at 1243.4
Survey scans and high-resolution scans were recorded atcm, about 3 crmit to the blue of a parent band at 1240.1¢mn
resolutions of 0.5, 0.25, and 0.125 tinSome samples were  which is predominantly CH bending and ring stretching. In
annealed to approximately 32 K and recooled to 16 K, and addition, there were intensity changes in two other CH bending
additional spectra were obtained. and ring stretching modes at 959.4 and 1294.5%rn the

Computational Methods. CH stretching region, two new absorptions were noted. The first,

Gaussian-98 was used for all ab initio calculations. To locate  at 3053.6 cm?, fell between parent bands at 3057.2 and 3049.5
the global minimum of the CpNH3; complex, fully uncon- cm™1, which belong to a doublet. The second, at 3046.5%¢m
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TABLE 1: Observed and Calculated Vibrational Frequencies Associated with the Cyclopentadiene Fundamentéls

observed fundamentd calculatéd
Cpd CpdNH; Cpd Cpd CpeNH3 collinear CH--N
3117.0 3117.4 (+0.4) CH stretching (B3105) 3256.1 3254.511.6) 3251.6{¢4.5)
3100.8 3100.4€0.4) CH stretching (43091) 3263.1 3261.112.0) 3259.0¢4.1)
3084.6 3084.6 (04 CH stretching (A/3075) 3238.7 3236.642.1) 3234.1{4.6)
3053.4 3050.0 (—3.4) CH stretching (B3043) 3229.9 3227.412.5) 3225.2¢4.7)
2912.6 2905.9 (-6.7) CH, antisymmetric stretch (#2900) 3109.2 3115.246.0) 3097.9¢11.3)
2896.3 2891.1 (5.2) CH, symmetric stretch (#2886) 3064.5 3065.8+1.3) 3048.2 {16.3)
1294.5 1294.5 (0Y CH bend and ring stretch (B.292) 1321.4 1322.3K0.9) 1324.6 ¢3.2)
1240.1 1243.4+3.3) CH bend and ring stretch {B239) 1270.2 1274.143.9) 1287.7¢17.5)
959.4 958.4 (0} CH bend and ring stretch ¢(®59) 989.6 992.8%3.2) 998.9 ¢-9.3)
894.0 896.0¢2.0) CH rocking (B:/891) 911.0 910.60.4) 914.0 ¢3.0)
914.3 914.3 (0) ring (A1/915) 945.3 944.8+(0.5) 945.6 (-0.3)
917.7 917.7 (O) CH bending (B/925) 920.7 926.315.6) 917.8 ¢2.9)
663.8 663.8 (0) CH bending in-phase{&54) 665.3 668.73.4) 667.3 (-2.0)
CH bending (A/700), not allowed 683.1 690.2-7.1) 683.4 40.3)

@ Frequencies are given as wavenumbers (reciprocal centimeters). Values in parentheses represent the frequency sitiswitiCpebpect
to isolated Cpd. Unscaled harmonic frequencies were calculated at the MP2/&@1,1p) level. The CptliH; calculations correspond to the
global minimum as well as the minimum geometry with a collinear- @ constraint® Reported liquid-phase values were taken from ref 37,
including normal mode and symmetry assignmehBBoublet; mean value reportetiNo shift but increased intensity Multiplet; mean value

reported.
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Figure 1. Infrared spectra (0.125 crhresolution) in the Ckstretching
region for parent Cpd/Ar and co-deposition mixture Cpdiitd
deposited on Csl at 16 K. New product absorptions are marked wit
arrows. There are no parent Nidbsorptions in this region.
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Figure 2. Infrared spectra (0.125 crhresolution) in the region of
the CH; rock for parent Cpd/Ar and co-deposition mixtures deposited
on Csl at 16 K. The new product absorption is marked with an arrow.
There are no parent Ntbr (CHs)sN absorptions in this region, and

h the slight (CH).O absorption is shown in the uppermost trace.

664). We note that these combination bands, which are very

fell to the red of this doublet. We note that there were changes weak in the parent spectra, showed a notable increase in intensity
in intensity in the three other parent CH stretches. In addition upon complex formation. Finally, in all experiments, new bands
to the perturbations of Cpd fundamental vibrations, we observedwere observed at 3320.1 and 3232.4 &mear the N-H

new features associated with combination bands involving CH stretching mode. In addition, several parent bands in this region
bending modes. Specifically, there was a new product band atwere slightly shifted. Since NfHundergoes hindered rotation
1612.3 cn?, to the blue of a parent combination band at 1624.5 in argon matrice® but not in nitrogen matrice®, several
cm~1(925+ 700). There was also a new product band at 1589.8 experiments were performed in which Cpehd NHy/N, were

cm 1, to the red of a combination band at 1593.2 @925+

co-deposited in an attempt to clarify the spectral regions near
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Figure 3. Infrared spectra (0.125 crh resolution) in three different CH bending and ring stretching regions (pared$ for parent Cpd/Ar
(trace a) and co-deposition mixtures (tracesdlp deposited on Csl at 16 K. There are no parent base absorptions except for the region shown in
panel b.
NH3 fundamentals. The results in nitrogen matrices were similar was not as clear as with Nknd was therefore difficult to study.
in terms of cyclopentadiene fundamentals, although argon The product band to the blue of the parent.Gbick appeared
matrices gave much sharper, more definitive spectra. Also, thereat 896.7 cm?! and was broader than with NHWe did not
was more overlap between parent cyclopentadiene modes anabserve a new absorption to the blue of the parent CH bending
base modes than in the argon matrices and therefore new spectrand ring stretching mode at 1240.1 cin the CH stretching
features were not as convenient to study. The nitrogen experi-region, there were no new absorptions. Finally, slight shifts in
ments yielded no new information in the region of the symmetric parent base modes between 1272 and 1265 emere noted.
deformation or “umbrella” mode of N This is the region assigned to a mode (1272 ¥nthat is

Cpd + (CHg3)sN. Co-deposition of Cpd/Ar with (CkJsN/Ar predominantly skeletal stretching with some £ibcking
at a wide range of concentrations led to spectral features thatcharacter.
were essentially identical to those described above for Cpd/Ar  Cpd + (CH3),0. Co-deposition of Cpd/Ar with (Ck.0/
with NHs/Ar with the following exceptions. The Chétretching Ar at a wide range of concentrations led to spectral features
region overlapped with parent (GJAN bands, and the region that were essentially identical to those described above for Cpd/
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Figure 4. Infrared spectra (0.125 crhresolution) in the CH stretching ~ the CH bending combination bands for parents Cpd/Ar,sMH
region for parent Cpd/Ar and co-deposition mixtures deposited on Csl (CHz)sN/Ar, and (CH,),O/Ar (broken lines) and co-deposition mixtures
at 16 K. New product absorptions are marked with arrows. There are (solid lines) deposited on Csl at 16 K. New product absorptions are
no parent base absorptions in this region. marked with an arrow.

Ar with NH3/Ar with the following exceptions. As with
(CH3)sN, the CH stretching region overlapped with parent
(CHs)20 bands and therefore the region was not as clear as with
NH3 and was difficult to study. The product band to the blue
of the parent Chirock appeared at 896.5 cthand was less
distinct than with NH and (CH)3N. The new product absorption
to the blue of the parent CH bending and ring stretching mode
at 1240.1 cm! appeared at 1244.8 cth We note that a
(CHg3)20 absorption overlapped with this new product band, but
the intensity of this band was so large that it was obvious by
subtraction that this was a new product band. Again, we did
not observe any new absorptions in the CH stretching region.
Finally, two new bands were observed at 1092.9 and 1090.9
cm, near the antisymmetric-60—C stretching mode of the
base. In addition, a very weak feature was noted at 9234,cm
near the G-O—C symmetric stretch. Figure 6. MP2/6-311G(d,p) minimum geometry of the CgH;
Computational Results. complex Cs symmetry).
On the basis of MP2/6-311&d,p) ab initio calculations, the
minimum geometry of the CﬂﬂH3 Comp|ex consists of N collinear. The MP2/6-311$(d,p) CyH+*N distance under this
located above the Cpd ring, oriented by the wealHG:N constraint was 2.478 A, and the MP2 interaction energy of the
interaction’ as well as Coup"ng between NH and#helectron Complex was 1.27 kcal/mol. Given the results above, this
density of the Cpd ring. The complex h& symmetry. The suggests that approximately half of the interaction energy of
global minimum geometry is given in Figure 6. Notably, the the global minimum is derived from the.8---N interaction
C,H:+*N distance (2.74 A) is similar to the NHC; (2.80 A) and half from NH interaction with the Cpd-density.
and NH--C, (2.77 A) distances. On average, these distances Harmonic frequencies for isolated Cpd, Bnd CpeNHs
increase by 16% at the HartreBock HF/6-311G-(d,p) level were calculated at the MP2/6-313@,p) level. Frequency
of calculation, indicating the importance of electron correlation shifts in the Cpd normal modes, due to formation of Gbdk,
to a stronger CpbliHs interaction. The calculated MP2 interac- are compared with experimental observations in Table 1. In
tion energy AEpn) of the complex was 2.40 kcal/mol. In  addition to the global minimum results, frequency shifts of the
comparison, the HF interaction energy was substantially weaker,constrained collinear ---N complex are also included. Since
AEjne = 0.97 kcal/mol. The CpdlH; complex was also only relative frequency shifts are of interest, unscaled ab initio
minimized with the GH---N interaction constrained to be frequencies are reported.
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Discussion TABLE 2: Calculated Vibrational Frequencies? for
Cyclopentadiene Fundamentals
Evidence for an interaction between Cpd and the bases comes -
fundamental collinear

from a direct comparison of the infrared spectra of the isolated ymmetry/iit, valug  Cpd CpelNH; C—H--N
hydrocarbon acid and bases (i.e., the blank or parent spectra) -
CH, scissor (A/1378) 14257 1420.94.8) 1437.9¢12.2)

with those spectra obtained in the co-deposition experiments. < o (AJ1135), 1111.2 1121.6¢10.4) 1140.2429.0)
In the co-deposition experiments, new absorptions were noted o allowed

that could not be ascribed to either parent species. These spectratH, wag (B/1090) 1109.7 1108.01.7) 1107.1¢2.6)

changes are consistent with those that are known to occur as aring (B/350) 314.0 323.949.9) 351.3¢37.3)
result of hydrogen-bond formatidfi-18 Furthermore, the dis-  fing (B/805) 810.1  812.2¢2.1)  812.1{2.0)
ring bend (A/515) 493.6 502.949.3)  500.6 §7.0)

tinctness and intensity of the product bands supports the |deaC=C stretch (3/1580) 1608.6 1602.7{5.9) 1604.8{3.8)

that the interaction is specific and directional rather than C—C stretch (A/1500) 1532.8 1526.76.1) 1528.6 {4.2)
nondirectional and dispersive (van der Waals). The observed

product bands can be grouped into three general sets: (1) thos% 2 Frequencies are given as wavenumbers (reciprocal centimeters).

- L : alues in parentheses represent the frequency shifts oNEadvith
occurring near parent modes that significantly displace the CH respect to isolated Cpd. Unscaled harmonic frequencies were calculated

group, (2) those appearing near olefinic CH stretching and 4t the MP2/6-312G(d, p) level. The CpiiH; calculations correspond
bending modes, and (3) those occurring near vibrational modesto the global minimum as well as the minimum geometry with a

of the base. The nearness of the product absorptions to modesollinear CH--N constraint” These are all fundamentals that show no
of the parent species suggests that the Cpd and bases retaifixperimental changes upon complex formatfoReported liquid-phase
their structural integrity and therefore the product is not the result Values were taken from ref 37, including normal mode and symmetry
of addition, elimination, or rearrangement of the subunits. The 2SSlgnments.

fact that the product bands were observed over the entire rangerigure 2). There are no base absorptions in this region [except
of reagent concentrations and the intensities of these productig, 5 slight (CH),0 absorption, which falls under the Cpd parent
absorptions were directly proportional to the concentration of pand at 917.7 crmi] and we observe a product band with all
the reagents points to a single product species with 1:1 three pases. The GHock can be considered to be analogous
stoichiometry. Our annealing studies also support this conclu- tg proton donor bending modes. Our shift of 2 ¢nis smaller
sion. We note that although all of the new spectral features werethan what Ault reports for alkynes and alkeA&si8 Previous
observed over the entire range of concentrations, product yieldsyork from this laboratory shows that coordination of the acidic
were best and spectral features most clear when the de/bas%roton of bromocyclopropane to the nitrogen of Nend
Ar ratio was 1/1/250. (CH3)3N was evidenced by distinct blue shifts of the-B(Br)

The observable most commonly used in the characterization pending modes, with shifts~12 cni! for the in-plane bend
of hydrogen-bonded systems is the shift of the parerHC  and~6 cm ! for the out-of-plane bend) that are much smaller
stretch that involves the hydrogen-bonded hydrogen. Previousthan for alkenes and alkynéin addition to the rocking mode,
work involving alkyne$* ¢ and alkene*confirms that this  there are Chi scissoring (sometimes referred to as bending),
shift, usually referred to advs, is a reliable measure of the  twisting (infrared inactive), and wagging modes for Cpd. These
strength of interaction. For Cpd, both gldtretching modes  parent bands are very weak and we observe no changes upon
are infrared-active. These modes involve the hydrogen-bondedcomplex formation. Although all of these modes are predicted
hydrogen, and therefore perturbations in these modes shouldo shift upon complex formation (see Table 2), the product bands
be indicative of interaction strength. When Cpd was co-deposited are calculated to have almost zero intensity.
with NH3, two new absorptions were observed near and to the  Additional modes of the Cpd were perturbed by hydrogen-
red of the parent Cikisymmetric and antisymmetric stretches bond formation (see Figure 3). Upon coordination of the nitrogen
(see Figure 1). In the Cpd/NHexperiments, these bands are  of the base to the acidic hydrogen of Cpd, we would expect to
easy to study, since there are no Mbsorptions in this region.  see perturbations in Cpd modes that involve the, @kbup.
With (CHg)3N and (CH).0, there are base modes in this region More specifically, if the CH group moves during a vibration,
that are very intense and make subtraction spectra difficult to then this vibration would also be affected by hydrogen-bond
obtain. In argon matrices, both parent £$tretches occur as a  formation. Experimentally, we observe a new product band near
doublet. The doublet structure in the parentGktetches could  and to the blue of a parent CH bending and ring stretching mode
result from slightly different packing sites within the argon at 1240.1 cm?. This band appears 3.3 cfto the blue of the
matrix, as is common in matrix experimentsf we take the parent band with Nkland 4.7 cm? to the blue of the parent
mean value of each doublet and calculate the shift from parentmode with (CH),0. We do not observe a new product band
to complex, then, one of the bands lies about 7tto the red  with (CHs)3N, but we suspect that it falls underneath the parent
of the parent Chl antisymmetric stretch and the second lies absorption. On the basis of molecular mechanics and ab initio
about 5 cm* to the red of the parent GHsymmetric stretch.  results, all three CH bending and ring stretching modes cause
These shifts are the largest observed in the co-deposition spectrasignificant displacement of the GHbrotons of Cpd. Notably,
Our shift of 7 cnt in the antisymmetric stretch is much smaller  two of these modes with the largest calculated shifts displace
than what Ault reports for alkynes (300 cnt?) but close to the CH; protons as much as the Gldtretch and rock modes.

the lower limit of what he reports for alkenes (1050 In addition to the modes discussed above, we observe changes
cm™1).1418|n our previous bromocyclopropané&lHs work, the in CH stretching modes and combination bands involving CH
shift in v fell within the envelope of parent absorptions but bending. Specifically, there are four parent modes in the CH
was calculated to be 6.9 cth!3 stretching region (see Figure 4), and two of them, (BL05

Another characteristic spectral change upon hydrogen-bondcm™, and B 3043 cnt?) are split into doublets in the argon
formation is a shift to higher energy of the proton donor bending matrix. A third (A;, 3075 cnt?) shows a hint of a shoulder,
modes, with shifts that in general are smaller than. The and the fourth (A, 3091 cnt?, the in-phase stretch) remains a
third new product band involving a Ghinode lies 2.0 cm! to singlet. The new product band at 3053.6 ¢ns assigned to
the blue of the parent CHocking mode at 894.0 cmi (see the B, mode since it appears in the middle of the doublet. The
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other new band appears just to the red of this doublet. Itis likely parent base absorptions and were therefore difficult to study,
that this B doublet is red-shifted by about 4 cihfrom the the observation of product bands in other spectral regions
parent doublet since there is the same distance between peaksupports the observation of these complexes as well. Since
in both parent and complex doublets. We note that although cyclopentadiene is a strong acidkp15) compared to other
we observe intensity changes in some of the CH stretches withtypes of alkenes, we would expect a hydrogen-bond interaction
(CHg)3N and (CH).O, we do not observe any new product to occur between the acidic alkyl proton (gproton) and the
bands with these bases. We emphasize that these four CHN(O) of the base, forming a-€H---N(O) hydrogen bond. This
stretches do not displace the €gtoup. In addition, we observe s supported by the new product bands associated with the CH
new features associated with combination bands that involve stretches, the Cytock, and the CH bending and ring stretching
CH bending (see Figure 5). In particular, we observe a weak mode, all of which are modes that displace the,Q@if alkyl
new feature about 12 cmito the red of a combination band at  protons. The CH stretching modes, however, do not displace
1624.5 cmt as well as a new product band about 37¢rto the CH group at all (our calculations predict zero displacement
the red of a second combination band at 1593.2%rfihese  for both hydrogen atoms), and the CH bending modes displace
two combination bands arise from the addition of a CH bend at it only slightly. Therefore, these modes would not necessarily
925 cnt! with those at 664 (the in-phase bend) and 7006m  be expected to shift upon-€H-++N hydrogen-bond formation.
respectively’’ We note that we do not observe significant These perturbations, then, provide evidence for an additional
changes in these parent modes. The mode at 925 @ interaction between Cpd and the bases. It is very likely that the
predicted to blue-shift but to be of almost zero intensity. The olefinic CH stretching motions are being perturbed as a result
in-phase CH bending mode is very broad and intense in the of the protons of ammonia interacting with theelectron density
matrix, and it is likely that the shift falls within the envelope of  of Cpd. This type of interaction is well-documentééf and
the parent absorption. This mode is predicted to shift 82  has been shown to result in shifts of the=C stretching modes
cm™1, thus supporting the lack of observation of this feature. as well as CH stretching and bending modes. There are two
The third CH bend (700 cmi) contributing to the combination  c=c stretching modes for Cpd. The in-phase)(&tretch is
bands is of A symmetry and is not allowed for Cpd. It i not observed in our matrix and the out-of-phase) @retch is
predicted to blue-shift but to be of almost zero intensity. We yery weak, a result also obtained in a previous matrix isolation
note that these CH bending modes displace the@bup very  study of Cpd with Fe aton®. These bands, therefore, are not
slightly. able to provide us with evidence for this Ntz interaction, as

In general, the CptiH3 spectral features are the most clear is the case for many olefins whose=C stretching fundamental
and distinct of the three bases. In part, this is because the newis infrared-inactive. If we consider ethylene as a model for the
product bands associated with Cpd fundamentals do not overlapC=C subunit in Cpd, we find evidence to support this Nt
with any NH; parent fundamentals. In complexes with stronger interaction. A previous matrix isolation study shows that water
hydrogen bonds, systematic trends are observed for a givenforms a hydrogen bond with ethylene where one of its hydrogen
hydrocarbon through a range of bases, with shifts being larger atoms points toward the midpoint of the<C bond43 Although
the stronger the base. In the case of bromocyclopropane, thethe C=C stretch for ethylene is infrared-inactive, the interaction
(CH3)20 was not a strong enough base to form a complex is evidenced by perturbations in the out-of-plane bending of
whereas the nitrogen bases Nhd (CH)3N were. This makes  ethylene ¢7), which shifts by 12.2 cmt to higher energy. In
sense, since nitrogen bases are stronger than oxygen“Bases.addition, a combination band{+ vg) is blue-shifted by 16.9
For BrCpNHz and BrCp(CHg)sN, the shift of the product bands  cm~1. Another matrix study of larger olefins with water shows
[in-plane and out-of-plane €H(Br) bending modes] is larger  that, of the hydrocarbon fundamentals, those involving out-of-
the stronger the base; however, the difference is about 0.5 cm  plane bends of hydrogens next to the double bond are those
which is quite smalt? The differences in shifts with Cpd and  most affected by complex formation. For those olefins where
the bases is also very small and not systematic, perhaps furtheghe G=C bond stretching fundamental is active, it shifts a few
supporting the conclusion that this-€i---N(O) hydrogen bond  wavenumbers to lower energy upon complex formation. These
is weaker than those that incorporate an sp- érhsporidized complexes, like ethylene, have the hydrogen of water interacting
carbon and more on the order of that formed between BrCp ith the 7 orbital on the hydrocarboff.Our ab initio calcula-
and the nitrogen bases. With each base employed, perturbationgigns predict red shifts (46 cnt, see Table 2), for the in-
of base modes were noted. Two new bands were observed inphase and out-of-phase=C stretches but almost zero intensity
the region of the N-H stretching mode of N&l whichis what o hoth product bands. Although our parent CH bending modes
Ault observed with the alkynes, and GH,*° Our calcula-  ajone do not provide any information (although they are
tions predict a red shift of 2.4 cm in this mode. A small shift  cajculated to shift in the complex), the fact that we also observe
was noted in the Ckrocking mode of (CH)sN. Itisinteresting  pew absorptions associated with the combination bands that
to note that Ault does not report any new product bands nearjyyolve these parent CH bends may support this interaction.
vibrational modes of (CkjsN with C,Hz and GH,. Finally, Finally, we note that the spectrum is similar in this region for
we observe two new pro_duct ban_ds of medium intensity near | three bases, when in fact Nk the only base capable of
the C-O—C antisymmetric stretching mode of (g0 and a  gych a hydrogen-bonding interaction. There are several explana-
very weak band near the-@—C symmetric stretch. Ault  ions for this. For one, these CH bends do slightly displace the
reports similar changes in these modes with several substltut_eda|ky| protons, and second, these modes are coupled to the CH
alkynes:® We did not observe any changes in base modes in ycl Thus, it is likely that perturbations in these modes result
the BrCp-base system?. from both the G-H---N and NH-- hydrogen-bonding interac-

Structure of the Complex. tions. Although these ethylene studies do not reveal changes in

Our experimental results suggest that the products describedCH stretching modes, a study of H C;H4,*> which can also
are the isolated 1:1 hydrogen-bonded complex of cyclopenta- serve as a model fa H atom interacting with an olefin, shows
diene with each base. Although the g3tretching product bands  that when the H atom interacts with the ethylene, the CH
for the Cpd(CHz)sN and CpdCHs),0 systems fell underneath  stretching modes are shifted to lower energy. The electronic
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factors that give rise to the lengthening of the CH bonds are stretching and rock modes, thereby making it difficult to assign
also associated with a reduction in the CH stretching force spectral features to a specific interaction. The calculated
constant. This may further support that the changes we observegeometry of the CptllHz complex supports these experimental
in Cpd CH stretching modes result from a similar interaction. findings. The overall interaction energy of 2.40 kcal/mol
The new product bands that we observe in this region are demonstrates the weakness of the interaction in these systems.
associated with the lower-energy; Btretch, and we do not  Although there are several examples of weak inter- and
observe these product bands with 4N or (CHs).O. Fur- intramolecular G-H---O hydrogen bonds between the proton
thermore, this CH stretch is not coupled to proton donor modes on a carbon that is adjacent to a carbonyl éacarbon) and a
and does not displace the glrotons. Therefore, the only  carbonyl or hydroxyl oxygen, this study presents the first
justification for these spectral features is a N\t interaction. example of an sphybridized carbon that is not adjacent to a
We note that although our ab initio calculations predict an carbonyl or other electron-withdrawing substituent forming a
approximately equal red shift for all four CH stretching modes, C—H---N(O) hydrogen bond.

we observe a red shift in the lowest energyrBode only.
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