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Abstract: The conformational space of tryptamine has been thoroughly investigated using rotationally
resolved laser-induced fluorescence spectroscopy. Six conformers could be identified on the basis of the
inertial parameters of several deuterated isotopomers. Upon attaching a single water molecule, the
conformational space collapses into a single conformer. For the hydrogen-bonded water cluster, this
conformer is identified unambiguously as tryptamine A. In the complex, the water molecule acts as proton
donor with respect to the amino group. An additional interaction with one of the aromatic C—H bonds
selectively stabilizes the observed conformer more than all other conformers. Ab initio calculations confirm
much larger energy differences between the conformers of the water complex than between those of the
monomers.

Introduction

Conformation of molecules plays an important role in
reactions of organic and biochemically relevant molecules. Still,
little is known about the effect of solvents on conformations,
in particular, in small systems. The conformational landscape
even of small aromatic molecules with an ethylamine side chain
like tryptamine comprises many structurally different, but nearly
equally stable conformations. Tryptamine possesses 27 CON-Figure 1. Atomic numbering and definitions of the geometry parameters
formers from three 3-fold rotations in and of the alkylamino used in the fitz, is the dihedral angle defined by the atomg@,C,Co,
side chain (ci. Figure 1: two around the-C single bonds, ;% il Sz o e et nal sty where
and one around the-€N bond. In 9 of these 27 conformers,
the GH2>—NH; tail of the alkylamino group is oriented All three models have far reaching implications for molecular
perpendicular to the aromatic plane. These nine conformers haverecognition processes.
been calculated to have energies considerably lower than those Pioneering experimental work on the different conformers
of the remaining onesSurprisingly, the multitude of conformers ~ of tryptamine was performed in a molecular beam using
reduces to a single one upon complex formation with just one rotationally resolved LIF spectroscopy by Philips and Levy at
water moleculé. In the present work, we study the reason for a spectral resolution of 0.07 crh® The triply deuterated
this locking of the conformational variety to a single structure. conformers were investigated by Wu and Léwf the same
This is an interesting subproblem in the more general context group. The conformers were analyzed using the rotational
of the induced fit principlé which describes the predisposition  constantd of undeuterated and deuterated tryptamines. Seven
of a flexible ligand toward a coordination partner or of the lock different conformers were identified on the basis of rotational
and key principlé, which describes the static behavior of a contours and were name§l B, C(1), C(2), D, E, andF.° A
preorganized ligand toward one or more coordination partners. conformational analysis of tryptamine was reported from
A more flexible model for describing these kinds of confor- - - - —

(5) Kumar, S.; Ma, B.; Tsai, C.-J.; Sinha, N.; Nussinov,ARotein Sci.200Q

mational complementarities has been proposed by Kuma#et al. 9 10-19

(6) Philips, L. A.; Levy, D. H.J. Chem. Phys198§ 89, 85-90.
(7) Wu, Y. R.; Levy, D. H.J. Chem. Phys1989 91, 5278-5284.

T Heinrich-Heine-Universita (8) The rotational constants determine the structure of the molecule in a given
* Radboud University Nijmegen. electronic state since the rotational constant alongytimertia axis of the

(1) Carney, J. R.; Zwier, T. Sl. Phys. Chem. R200Q 104, 8677. molecule § = a, b, c) is defined as\y = h/87?lg, with |4 the moment of

(2) Sipior, J.; Sulkes, MJ. Chem. Phys1988 88, 6146-6156. inertia along theg axis.

(3) Koshland, D. EProc. Natl. Acad. Sci. U.S.A958 44, 98-123. (9) Park, Y. D.; Rizzo, T. R.; Peteanu, L. A.; Levy, D. B. Chem. Phys.

(4) Fischer, EBer. Dtsch. Chem. Ge4894 27, 2985-2993. 1986 84, 6539-6549.
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rotational coherence spectra taken by Connell & @aminati linearly connected by skimmers (1 and 3 mm, respectively) in order to

published the microwave structure of thendB conformer of reduce the Doppler width. The molecular beam is crossed at right angles

tryptamine and made an assignment based on ab initio calculain the third chamber with the laser beam 360 mm downstream of the

tions11 A more thorough investigation of all seven conformers nozzle, and the resulting fluorescence is collected perpendicular to the
. - . . plane defined by laser and molecular beam by an imaging optics. The

was given by Carney and Zwier based on resonant ion dip P T ) -

infrargd (RID)I/R) Spec)'ira in the region of the CH alkyl Stretchp Doppler width in this setup is 25 MHz (fwhm). A photomultiplier tube

ibrati db hole-burni detects the integrated molecular fluorescence, and its output is
vibrations and by U¥-UV hole-burning spectroscopy. discriminated and digitized by a photon counter and transmitted to a

Ca.rney and ;Wiéf proposed a §chematic nomenclature of pC for data recording and processing. Relative frequencies are
the nine tryptamine conformers with the @—NH; tail out of determined with a quasi confocal Fabiiperot interferometer with a
plane, based on the amino group positions relative to the indolefree spectral range (FSR) of 149.9434(56) MHz. The absolute frequency
ring and the orientations of the amino group lone pair. We use was obtained from a recording of the iodine absorption spectrum and
their nomenclature throughout this publication. The two con- comparing it to the tabulated linés.
formations with the amino lone pair pointing downward to the ~ Tryptamine was purchased from Merck Schuchard (p.A.) and used
aromatic ring were found to be much less stable than the Otherwithout further purification. The mixed isotopomers were produced by
seven conformers. Recently, Dian et al. measured directly thereﬂuxmg tryptamine with a 3-fold excess of DCI (38%) for 1 h. The

. . solution was then neutralized using a solution of NaOD p®Pand
energy thresholds between the different conformers of tI’yptam"‘“:"Washing the precipitation twice withJD. The precipitation was then

usmg §tlmulateq emlssmn pumplng.-hole filling and stimulated gieq over silica gel and stored under nitrogen. This resulted in a more
emission pumping-induced population transfer spectrostbpy. or |ess equal amount of the different deuteration grades. The triply
Microsolvated clusters of tryptamine have been less inves- deuterated isotopomer could be produced nearly exclusively by co-
tigated than have the monomers. Park et al. found that theexpanding the tryptamine with 2O, kept at 0°C. Higher water
multitude of conformations of tryptamine collapses into one temperatures led to strong signal reduction due to the formation of the
conformer upon complexation with methafdihe binary water, water cluster_, an_d lower temperatures resulted i_n mixed isotopomers.
methanol, and ethanol clusters were investigated by Sipior andAnother exphcanqn for the S|gngl decrease at h|ghgr tem_p_eratures of
Sulkes by LIF spectroscopy, and all were shown to collapse the D,O sample might be deuterium exchange also in positions of the

into one brominent conformer peaPeteany and Levy inves benzene ring, as has been shown to take place under comparable
: P : P ’ u vy Inv conditions for 4-hydroxyindolé? Nevertheless, the aromatic CH-

tigated the water, methanol, chloroform, and dioxane complexes ye,terated isotopomers have generally a quite large shift and are well

of tryptamine by two-color two-photon |or!|zat|on speptros- outside the observed spectral range.

copy?!® They observed very different behavior of the dioxane )

cluster compared to the water and methanol clusters. RotationalComputational Methods

constants for the cluster with one water molecule were reported Ab Initio Calculations. The structures of the conformers of

by Felket* and Connell et al® using rotational coherence tryptamine in the electronic ground state have been optimized at the

spectroscopy on two isotopomers of the cluster. They deducedMP2/6-311G(d,p) level with the Gaussian 98 program package (revision

a bridged cluster for the cluster with one water molecule. The 11)2°The SCF convergence criterion used throughout the calculations

clusters with two and three water molecules were studied by Was an energy change below fCHartree, while the convergence

Carnev et al. using RIDIR spectroscoVThev proposed that criterion for the gradient optimization of the molecular geometry was

y 9 . P oﬁ’y y prop . oE/or < 1.5 x 107° Hartree/Bohr andE/d¢ < 1.5 x 107° Hartree/

the preference for a certain conformer is due to a water bridge . . . R

b h . d th lic NH si f1h | | degree, respectively. Two conformers with the amino lone pair pointing
etween the .am'no and the pyrrolic sites of the molecule down to the ring have been shown by Carney éttalbe much higher

for clusters with more than one water molecule. We report here i, energy and have not been further investigated here. Vibrational

a high-resolution laser-induced fluorescence study of the corrections have been made using the ZPE from B3LYP/6-311G(d,p)
complex of tryptamine with a single water molecule and the calculations. The water cluster is optimized at the MP2/6-311G(d,p)

origin of the conformational locking in this cluster.

Techniques

Experimental Procedures. The experimental setup for the rota-
tionally resolved LIF is described elsewhéfeBriefly, it consists of a
ring dye laser (Coherent 899-21) operated with rhodamine 110, pumped
with 6 W of the 514 nniine of an Ar* ion laser. Its output is coupled
into an external folded ring cavity (Spectra Physics) for second harmonic
generation (SHG). The molecular beam is formed by co-expanding
tryptamine, heated to 160 and argon (256500 mbar, see below)
through a 100em nozzle into the vacuum. The molecular beam machine
consists of three differentially pumped vacuum chambers that are

(10) Connell, L. L.; Corcoran, T. C.; Joireman, P. W.; FelkerCRem. Phys.
Lett. 199Q 166, 510-516.

(11) Caminati, WPhys. Chem. Chem. Phy&004 6, 2806-2809.

(12) Dian, B. C.; Clarkson, J.; Zwier, T. Science2004 303 1169-1173.

(13) Peteanu, L. A.; Levy, D. Hl. Chem. Phys1988 92, 6554-6561.

(14) Felker, P. MJ. Phys. Chem1992 96, 7844-7857.

(15) Connell, L. L.; Corcoran, T. C.; Joireman, P. W.; Felker ®Rhys. Chem.
199Q 94, 1229-1232.

(16) Carney, J. R.; Dian, B. C.; Florio, G. M.; Zwier, T. 8. Am. Chem. Soc.
2001, 123 5596-5597.

(17) Schmitt, M.; Kipper, J.; Spangenberg, D.; WestphalGhem. Phys200Q
254, 349-361.

level of theory. The starting geometries for the structure optimizations
have been obtained by attaching a water to all seven conformers at
four different positions: to the pyrrolic NH group, acting as proton
donor, to both amino hydrogen atoms, acting as proton donors, and to
the N atom of the amino group, acting as proton acceptor. Thus, 28
different starting geometries have been used. Their relative energies
were investigated at the HF/6-311G(d,p) level. The amino group
acceptor structures of each conformer have then been further refined
at the MP2/6-311G(d,p) level of theory. Basis set superposition errors
were corrected using the counterpoise method of Boys and Befaardi,
and zero-point energy corrections have been performed with the
vibrational frequencies of a B3LYP/6-311G(d,p) normal-mode analysis
using analytical gradients.

Genetic Algorithms. A fit using genetic algorithms (GA) mimics
the concepts of natural reproduction and selection processes. For a
detailed description of the GA, the reader is referred to the original
literature on evolutionary or genetic algorithAis?*

(18) Gerstenkorn, S.; Luc, Rtlas du spectre'dbsorption de la mékule diode
CNRS, Paris, 1982.

(19) Huang, Y.; Sulkes, MChem. Phys. Lettl996 254, 242—-248.

(20) Frisch, M. J. et alGaussian 98revision a.11; Gaussian, Inc.: Pittsburgh,
PA, 2001.

(21) Boys, S. F.; Bernardi, AViol. Phys.197Q 19, 553.

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10357



ARTICLES Schmitt et al.

The molecular parameters are encoded binary, each parameter to bg
optimized representing a gene. A vector of all genes, which contains |  Tryptamine A Experiment
all molecular parameters, is called a chromosome. In an initial step,
the values of all parameters are set to random values between lowe Mo A st
and upper limits, which are chosen by the user. The quality of the ' ' ' ' '
solutions then is evaluated by a fithess function. A proper choice of Simulation
this fitness function is of vital importance for the success of the GA
convergence. In refs 25 and 26, the fitness fundtigias been defined

as: P e '
f | MMM m
F, = (.9 1) ,,A/u'\_MJ\MA‘,JU\/"\/'\\A : y :

O Il gl
o
Here,f and g are the vector representations of the experimental and
calculated spectrum, respectively. The inner prodig) {s defined
with the metricW, which has the matrix element®; = w(|j — i|) = 2500 5000 7500 10000 [MHz]

w(r) as: Figure 2. Rovibronic spectrum of the electronic origin of tryptamiAe
at 34915.64 cm!. The upper trace shows the experimental spectrum,
(f.9) =f'Wg (2) the following shows the simulation with the best molecular parameters
from the GA fit. The following traces present an enlarged portion of the
and the norm of as||f|| = +/(f,f); similar for g. Forw(r), we used a spectrum.
triangle functio® with a width of the base ofAw:
the molecular fixed framea( b, ). Theu,, up, andu. designate

_Jo- IFI/(E Aw) for |r| < 1Aw thg components of the transition.dipole moment Fo the inertial
w(r) = 2 2 3) axis of the cluste?® They are given for comparison to the
0 otherwise

respective parameters in ref(ns) is the excited-state lifetime,
calculated from the Lorentzian width. The ground-state rotational

) . : : dconstants of theA and B conformers agree within their
solutions, is called a generation. Pairs of chromosomes are selecte L ncertainties with the microwave values from Camidkti
for reproduction, and their information is combined via a crossover )

process. Since crossover combines information from the parent genera0€viations are due to the implicitly higher accuracy of the
tions, it basically explores the error landscape. The value of a small Microwave data and the utilization of a different Hamiltonian,
number of bits is changed randomly by a mutation operator. For the including centrifugal distortion in ref 11. The deviations to the
simulation of the rovibronic spectra, a rigid asymmetric rotor Hamil- ground-state rotational constants from Philips and Levy range
tonian was employed. between 50 MHz for theA rotational constant of theA
conformer to 170 MHz for thé\ rotational constant of th&
conformer® Given the small differences between the rotational
The Tryptamine Monomer. Figure 1 shows the atomic  constants of the conformers, an unambiguous assignment to the
numbering used for designation of the isotopomers and the respective structures requires the accuracy of nearly fully
clusters used in this publication. The rotationally resolved resolved rovibronic spectra. On the other hand, the differences
electronic origin of theA conformer of tryptamine at 34915.64  of the rotational constants upon electronic excitation agree very
cmtis shown in Figure 2 along with a fit based on the genetic well with the previously reported values of Philips and L&vy.
algorithms (GA). The technique has been shown before to work The quite large deviations in the ground-state rotational constants
reliably even for strongly overlapping bands, where a standard are mainly due to the lower resolution (75 MHz) in the
assigned fit would be impossibie26The origin band is a hybrid  experiments of ref 6. Convolution of our spectra with an
with mainly a-type character. additional contribution of about 70 MHz made the assignment

Table 1 reports the molecular parameters obtained from the quite hard, even for the automated GA technique described
fit and the comparison to previously reported constants of the gpove.

A conformer, either from microwave spectroscopy for the
electroni_c ground stat&or from LIF spe(_:troscopy for grc_)und unambiguous assignment to which conformation bankle-

and excited statésA”, B”, and C" designate the rotational  |5ngs; we recorded the spectra of several deuterated isotopomers.
constants in the electronic ground sta&,B', andC' are those  peyteration with DCI as described in the experimental proce-
of the excited stateAA, AB, andAC are the changes of the gy res section in Technigues resulted in a mixture of up to eight
rotational constants upon electronic excitatighand¢ are the different isotopomers. Under these conditions, the highest
spherical coordinate angles of the transition moment vector in yeyteration grade which can be achieved is the triply deuterated
ds. If all deuteration grades are formed, the spectrum of each

One optimization cycle, including evaluation of the fithess of all

Results

Since three rotational constants are not sufficient to give an

(22) Holland, J. H.Adaption in Natural and Artificial Systemavil, The

University of Michigan Press: Ann Arbor, M, 1975. conformer consists of the undeuterated, three different singly
(23) Goldberg, D. EGenetic Algorithms in Search, Optimisation and Machine B ;
Learning Addison-Wesley: Reading, MA, 1989, deuterated, three different doubly deuterated, and one triply

(24) Rechenberg, Evolutionssirategie: Optimierung technischer Systeme nach deuterated isotopomer. With the atomic numbering given in
ggr:rzr:glr;a; ]c-igggt?mlogschen folution; Frommann-Holzboog: "Stuttgart, i re .1, these eight |50F0pomers are tryptgmme, dtb-
(25) Hageman, J. A;; Wehrens, R.; de Gelder, R.; Meerts, W. L.; Buydens, L. tryptamined, [10ad]tryptamined;, [10b-D]tryptamined;, [1b-
M. C. J. Chem. Phys200Q 113 7955-7962.
(26) Meerts, W. L.; Schmitt, M.; Groenenboom, Gan. J. Chem2004 82,
804—-819. (28) The components of the transition dipole moment along the inertial axis
(27) Allen, H. C.; Cross, P. QVolecular Vib-RotorsWiley: New York, 1963. are defined by:ua = 1 sin ¢ cos, u, = u sin¢ sin 6, anduc = 1 cos¢.
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Table 1. Molecular Parameters for the Conformers A—F of Tryptamine Determined from GA Fits, as Described in the Text
Aband Bband Cband D band Eband F band

this work ref 11 ref 6 this work ref 11 ref 6 thiswork  ref 6 this work ref6  this work ref6  thiswork ref6
A" (MHz) 1731.02 1730.197 1783.8 1710.25 1709.438 1777.8 1594.16 1767.74  1933.6 1761.40 1930.7 1605.11 1636.9
B" (MHz) 682.04 681.86 6745 682.22 681.87 665.5 755.84 617.78 611.6 614.75 608.6 737.84 7225
C" (MHz) 551.56 55148 551.6 551.10 550.84 548.6 561.39 477.00 473.6 475.58 473.6 56151 584.6
6(°) 71.92 72.25 76.85 75.03 77.43 80.71
¢ (°) 14.24 22.28 18.17 5.54 10.90 13.92
Un 0.9234 0.88 0.8812 0.88 0.9317 0.9246 0.85 0.9185 0.85 0.9176 0.77
us 0.2271 0.37 0.3611 0.37 0.2634 0.0087 0.32 0.0341 0.32 0.0564 0.42
uc 0.3093 —0.29 0.3050 —0.29 0.2502 0.0667 —0.42 0.0474 —-0.42 0.0261 -—0.47
Aror.(MHZ)  25.3 29.9 24.3 32.08 255 25.2
7 (ns) 6.2 53 6.5 5.0 6.2 6.3
A (MHz)  1724.02 1777.8 1703.62 1783.8 1587.38 1754.07  1918.7 1748.47  1915.7 1592.77 1624.9
B' (MHz) 672.68 665.5 672.92 674.5 743.08 612.34 605.6 609.26 602.6 728.49 716.5
C' (MHz) 544.58 545.6 544.54 554.6  554.20 473.44 470.7 472.16 470.7 55525 572.6
AA (MHz) —7.00 —6.0 —6.63 —-6.0 —6.78 —13.67 —14.9 —-12.9 —15.0 -—-12.34 -12.0
AB (MHz) —9.36 -9.0 —9.30 —9.0 -12.76 —5.44 —6.0 —5.5 —-6.0 —9.35 —6.0
AC (MHz) —6.98 —6.0 —6.56 -6.0 —7.19 —3.56 —-3.0 —-3.4 -30 —6.26 —12.0
p][10a-D]tryptamined,, [1b-D][10b-D]tryptamined,, [10ab]- A, Experiment

[10b-D]tryptamined,, and [1bp][10a-D][10b-D]tryptamines.
For theA conformer, we were only able to observe seven out

of the eight possible isotopomers. Using the mixed deuteration
grades, a serious problem arises for the assignment of singlg
rovibronic lines, due to strong overlap of the different isoto-

pomeric origins. Using the GA, it is possible to automatically
fit several bands simultaneously, as we have shown for the
overlapping origins of phenelnitrogen cluste” and differently

deuterated azaindolé®.Figure 3 shows the experimental
spectrum of the seven isotopomers of fheonformer together
with the fit of all bands and the individual results for each origin
band.

To verify the correctness of the rotational constants derived
from the spectrum of Figure 3, we selectively produced the triply
deuterated tryptamine as described in the experimental proce

dures section of Techniques. The fit to this single spectrum
reproduced the values obtained from the overall fit of all
isotopomers. The resulting inertial parameters of all isotopomers

are given in Table 2 and will be used in this section for the
determination of the exact conformation of each conformer.
Since seven different isotopomers contribute a total of 21

= "“mw“", s L"‘HWL W T

rotational constants, sufficient information for an unambiguous
assignment is present.
A very good agreement between simulation and experiment

Latlidd ey J l\‘mmlh "
T

is also observed for the electronic origin of tBeonformer at
34895.91 cm! given in Figure 4. The resulting rotational
constants are compiled in Table 1.

For the B conformer, all eight possible isotopomers (vide
infra) could be observed. As in the case of theonformer,
the origins overlap strongly due to similar zero-point energies

in the ground and excited states of the isotopomers. The spectra btained f he GA
are shown in Figure 5; the resulting rotational constants of all obtained from the

isotopomers are given in Table 2. Again, like for conformer
the results for the rotational constants were cross-checked again
the triply deuterate® conformer, produced selectively by the
method described above.

The spectra of the undeuterated and triply deuteréted,
E, andF conformers are shown in the Supporting Information.
Here, we will report only the molecular constants that were

(29) Schmitt, M.; Ratzer, C.; Meerts, W. I. Chem. Phys2004 120, 2752—
2758

(30) Schmitt, M.; Ratzer, C.; Kleinermanns, K.; Meerts, WMol. Phys.2004
102 1605-1614.

S

. g —
0 50000 100000[MHz]
Figure 3. Rovibronic spectra of the electronic origins of seven isotopomers
of the A conformer of tryptamine.

assigned spectra. The electronic origins
of the C (34879.22 cm?) andD conformers (34884.26 cm)

qare spectrally very close, so that the mixed deuterated isoto-
pomers would overlap even between the two different conform-
ers. For this reason, we took only the undeuterated and triply
deuterated spectra. The electronic origins of the spectra of the
ds-C (34885.80 cm?) and ds-D conformers (34886.32 cm)

are even closer and overlap considerably. Also, here, the GA
made it possible to fit both subspectra independently. Philips
and Levy and Carney et dl.reported the existence of two
different origins of theC conformer, namelyC(1) and C(2).

The two C conformers were identified by Philips and Levy

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10359
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Table 2. Rotational Constants for the Isotopomers of the Tryptamine Conformers A—F. Conformers with an Asterisk Had Larger
Uncertainties in the Inertial Parameters and were Excluded from the Structural Fits (Rotational Constants Are Given in MHz, and the Origin

Frequencies in cm™1)

conformer isotopomer A" B’ c’ A B c )
A hs 1731.02 682.04 551.56 1724.02 672.68 544.58 34915.64
[1aD] 1683.25 682.41 546.52 1675.83 672.75 539.66 34917.20
[10aD] 1709.03 667.03 543.53 1702.37 658.08 536.82 34916.30
[10bD] 1712.32 675.26 548.85 1706.28 665.69 541.82 34917.27
[1a-p][10a-D] 1685.30 671.65 542.79 1681.36 662.71 535.49 34918.84
[1a-D][10b-D]* 1676.44 671.58 538.31 1673.41 662.32 527.94 34917.87
ds 1646.11 659.05 534.89 1640.28 649.8 528.27 34919.47
B hs 1710.25 682.22 551.10 1703.62 672.92 544.54 34895.91
[1aD] 1661.92 681.38 545.19 1655.52 671.68 538.85 34897.66
[10aD] 1701.67 667.02 541.27 1695.50 657.87 534.75 34894.89
[10bD] 1694.79 674.03 547.37 1688.44 664.74 540.73 34896.85
[1a-p][10aD]* 1657.24 673.39 541.89 1651.83 664.06 535.37 34898.49
[1aD][10b-D]* 1640.31 678.05 559.93 1631.19 675.62 556.19 34897.55
[10aD][10b-D] 1689.51 661.71 537.75 1683.13 652.48 531.26 34896.74
ds 1641.98 659.18 533.12 1636.75 650.06 526.69 34898.38
C hs 1594.16 755.84 561.39 1587.38 743.08 554.20 34879.22
ds 1509.11 737.12 545.22 1503.43 724.67 538.28 34885.80
D hs 1767.74 617.78 477.00 1754.07 612.34 473.44 34884.26
ds 1648.46 584.20 454.74 1635.78 579.25 451.61 34886.32
E hz 1761.40 614.75 475.58 1748.47 609.26 472.16 34868.34
ds 1650.34 557.33 429.34 1630.52 542.65 418.75 34869.98
F hs 1605.11 737.84 561.51 1592.77 728.49 555.25 34831.95
ds 1522.25 725.63 546.97 1511.10 716.32 540.71 34838.31
inc B . Tryptamine B, mixed deuteration
MMJJMMWM
MLMMMU
d WWMMWW—

9000 10000 11000 [MHz]

Figure 4. Rovibronic spectrum of the electronic origin of tryptamiBe

at 34895.91 cml. The upper trace shows the experimental spectrum,
the following shows the simulation with the best molecular parameters
from the GA fit. The following traces present an enlarged portion of the
spectrum.

through their different Q-branches in the rotationally resolved
LIF spectrum, approximately 0.6 crhapart. This finding was
confirmed by Carney et &l.via different resonant ion dip
infrared (RIDIR) spectra taken through two vibronic bands that
were shown to belong to th€ spectrum by UWV-UV hole-
burning. We carefully scanned the respective region ofChe
conformer, but we were able to identify only one band,
absorbing in this range in contrast to the findings of Philips
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Figure 5. Rovibronic spectra of the electronic origins of the fully protonated
and seven deuterated isotopomers ofBfenformer of tryptamine. Trace

a shows the experimental spectrum, and the other traces show the
simulations of the individual isotopomers. The electronic origin of the
undeuterated tryptamir® shown in trace, is at 34895.91 cmt. Traceb
represents the isotopomer [16lryptamined;, trace d [1b-p][10a-D]-
tryptaminedy, tracee [1b-p]tryptamineeh, tracef [1b-p][10b-p]tryptamine-

dy, traceg [10a-D]tryptamined;, traceh [1b-p][10a-D][10b-D]tryptamine-

ds, and trace the [10ap][10b-p]tryptamined, isotopomer.

and Levy and Carney et dl.The signal-to-noise ratio in our
experiment would have allowed for the detection of a band at
least by a factor of 50 smaller than the origin of @eonformer

at 34879.22 cml. We changed the expansion conditions over
a large range in order to rule out the possibility that different
cooling conditions in the molecular beam were responsible for
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Table 3. Comparison of Rotational Constants of the MP2/6-311G(d,p) Optimized Structures of Seven Conformers of Tryptamine with the
Experimentally Determined Rotational Constants

Gpy(out) Gpy(up) anti(py) Gph(out) anti(ph) anti(up) Gph(up)
Erel, (kJ/mol) 0.4083 0.5445 6.8644 0 6.8143 5.6123 1.3709
A" (MHz) 1729.9 1711.5 1767.0 1578.9 1756.2 1753.2 1588.7
B" (MHz) 687.4 686.8 614.7 772.0 619.1 616.0 753.5
C" (MHz) 556.6 555.9 476.7 564.8 478.3 476.9 566.9
experiment A B D C E F
A" (MHz) 1731.02 1710.25 1767.74 1594.16 1761.40 1605.11
B" (MHz) 682.04 682.22 617.78 755.84 614.75 737.84
C" (MHz) 551.56 551.10 477.00 561.39 475.58 561.51
the “disappearance” of the seco@dband. Under no experi- é,; )
mental conditions, we could find any trace of an additional band

with a Q-branch around 348792 0.6 cnt™.

10 c Qb[
= S TR =)
The electronic origins of théE (34868.34 cm') and F R = S ol 53

(34831.95 cm?) conformers are much weaker than thend

B origins. Therefore, we were only able to record the undeu- A Gpy(out) EGP)’(UP)
terated and the triply deuterated conformers. Nevertheless, the o “ (%
six rotational constants for each conformer are sufficient for an R

o =
unambiguous assignment of the structure, which needs, in g % S
principle, only three rotational constants for the three dihedral ﬁx o :&‘:7
angles. The parameters from the best fits are given in Table 1. i | S L S
The spectra of th& andF conformers were taken at consider- C Gph(out) D Anti(py)
ably lower backing pressures than the other conformers. The —Q o
optimum expansion conditions for observation of conformers ) % ‘ ’
Ato D were 500 mbar of Ar and a temperature of the tryptamine e 8 pr & .
sample container of 16TC. Optimum conditions for th& and %ﬁ} %’m
F conformers were at a backing pressure of 2060 mbar. A e

Comparison of the rotational constants of the undeuterated E Anti(up) F Gph(up)

tryptamine conformers with the results of ab initio calculations Figure 6. Structure of the six tryptamine conformers identified in the
gives a first clue to the assignment to a specific structure. Table{gﬁ:gﬁfgg?%ﬁf 2[)thep%§tsi§2tigggggi2ﬂg-tﬁepg fﬁg{:iﬁjﬂéi f&fg?;g“;?
3 compares the rotatl(_)nal ConStan_tS of the opt|m|zed MF_)Z/G_ ring. Anti is for a pgsition anti to the indole ring, ar):d Gph for a position
311G(d,p) structures with the experimentally obtained rotational gauche to the phenyl side. The orientations of the amino lone pair are
constants. The best agreement is found by relating Batal designated by “out” and “py”, depending on the direction of the lone pair
the Gpy(out) conformer, banB to Gpy(up), band to anti- of the amino group with respect to the ringsg0°), or “up"_ (180°). This
(py), bandC to Gph(out), bancE to anti(up), and ban to nomenclature follows the suggestion of Carney and Zwier.
Gph(up). This assignment agrees with the findings of Carney orientation of the transition dipole moment depends strongly
et al. but is still not able to remove their ambiguity in the on the conformational orientation of a flexible group, attached
distinction of the anti(ph) and anti(py) structures. Therefore, to a benzene chromophcote32This interaction takes place both
the information has to be combined with the rotational constants by “through bond” and “through space” interactions.
of the deuterated isotopomers. This will be performed in the  Determination of the Monomer Structure Parameters.The
following section. Figure 6 shows the six observed conformers. program pKrFit® was used to determine the structure of the

A comparison of the relative energies of the seven conform- tryptamine isotopomers and the water cluster in the electronic
ers, calculated in this study at MP2/6-311G(d,p), with the ground state. We performed a structural fit for the different
B3LYP/aug-ccVTZ results of Carney and Zwier shows impor- conformers, in which the different vibrational contributions from
tant differences. The energies of all anti conformers are quite the different isotopomers are completely neglected and which
similar, while the energies of the gauche conformers differ is based on the following assumption:
considerably between both methods. For the correlated MP2 19=19 (1) @)
method, the Gph(out) conformer becomes the most stable one, 07 Trigid\" 0
while this conformer is only the third most stable one at density

Lgfr;ctlonal Iefvel.thOf cm;rse, one .mould e;<pet'ctl t.hf Iar?'est mined) zero-point averaged moments of inertia with respect to
merences for the contormers with a potentia’ INEraction ¢ jnatjg) axeg. The functionl ¢ ,(ro) is calculated from the

H HPR P rigid
between the amino group and the aromatic ring. This is the Case.y . tural parameters, using rigid-molecule formulas. The
for all gauche conformers, but not the anti conformers. The

.2 " S . . resulting structure is called thg-structure.
relative intensities of the individual tryptamine bands in the low- 9
resolution spectra of refs 6 and 1 seem to favor energetically (31) Kroemer, R. T.; Liedl, K. R.; Dickinson, J. A.; Robertson, E. G.; Simons,

the Gpy(out) &) and the Gpy(up)&) conformers over the Gph- 3,0y Borst, D. R Pratt, D. W. Am. Chem. Sod.998 120 12573
(out) (C) conformer. Nevertheless, this comparison of relative (32) Richardson, P. R.; Bates, S. P.; Jones, Al.&hys. Chem. 2004 108
i ™ i ; 1233-1241.

mte_nsmes relies on the assumption of_equal or nearly equal (33) Ratzer, C.: Kpper, J.: Spangenberg, D.: Schmitt, @hem. Phys2002
oscillator strengths for all conformers. It is well-known that the 283 153-169.

In this equation, the threE are the (experimentally deter-
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Table 4. Results of the Structural Fits of the Tryptamine
Conformers for the Electronic Ground State (Dihedral Angles 7, — .
3 Are Defined in Figure 1) Tryptarmine-water Experiment
A B D D c E F
Gpy(out)  Gpy(up)  anti(py) anti(ph) Gph(out) anti(up) Gph(up)
71 1019 103.7 104.7 104.6 93.1 107.6 85.5
7, —639 —-65.3 1795 182.3 63.5 -—11.2 62.8

ts 751 —591 1188 —147.1 166.6 —102.0 —40.6
2 4 4 6 4 4 10 3 : . . :

Simulation

The first step was a simulation of the rotational constants
for the different isotopomers, based on the results of the ab initio
calculations described above. The assignment of the different
isotopomers of thé\ conformer is very straightforward since
the differences between calculated and experimental rotational
constants are small. Starting with the known isotopomess, h 2000 10000 0 10000 [MHz]
and @, it was possible to assign all other isotopomers. The gigyre 7. Rovibronic spectrum of the electronic origin of tryptamine
assignment of the bands in the order of their appearance in thewater at 34957.11 cn along with the simulation using the best parameters
spectrum is given in Table 2. In all cases, the agreement betweerfiven in Table 5.
the_ rpFatlonaI cons_tants OT the |sotopomers.pred|cted frqm t.he Table 5. Molecular Parameters for the Tryptamine—Water Cluster
ab initio structures is stunning. The next step is the determination Determined from GA Fits, as Described in the Text. A, B, and C

- ; ; ; are the Rotational Constants of the Molecule in the Ground State.

of the structural Z matnx_ parameters to be fit to_the rotational AA. AB, and AC are the Changes of the Rotational Gonstants
constants. Tr_le first cho_lpe is, of course, the dlhedr_al angles, ypon Electronic Excitation® (ia, b, and uc Designate the
which determine the position and orientation of the amino group. Components of the Transition Dipole Moment to the Inertial Axis of
Therefore, the three dihedral angles,,, andzs (cf. Figure 1 the Cluster, and 7 (ns) Is the Excited State Life Time)

for definition), have been varied to fit the rotational constants. tryptamine-water this work ref 14
Table 4 presents the results for the best ground-state structure. A" (MHz) 1465.78 1465
The Tryptamine—Water Cluster. Low-resolution spectra B" (MHz) 483.43 479
: ; ; C" (MHz) 397.99 379
showed that despite the richness of the potential energy “ 0.8063 0.847
landscape of the tryptamine monomer, only a single band at u: 0.0221 0.153
34 957 cn1! appears upon addition of watémyhich can be Uc 0.1715 0
attributed to the binary water cluster. The water molecule might 7 (ns) 4.8
o : AA (MHz) —6.82
attach to each of the seven conformers that have similar energies AB (MHZ) —471
in the ab initio calculations. Four attaching positions of the water AC (MHz) -3.72

molecules have been considered for the starting geometries: the
pyrrolic NH group, which acts as proton donor with respect to
the water molecule, the amino group, which might act with each away from the aromatic ring converge for all Gph and Gpy
of its H-atoms as proton donor, and the amino group, which conformers into the respective structure, while for all anti
might act as a proton acceptor. Without considering any van conformers, they converge into the structure with the amino
der Waals bound structures, there are 28 different geometriesgroup being proton acceptor. It is intriguing that the calculated
possible. Nevertheless, only one shows up in the high-resolutionenergy differences between the conformers complexed with a
UV spectrum. Figure 7 shows the rotationally resolved spectrum single water molecule are much larger than those for the
of the electronic origin of tryptaminewater at 34 957.11 cr. respective monomers.
The molecular parameters obtained from the GA fit of this  To investigate the physical origin of the structural selection
spectrum are given in Table 5 and are compared to the valuesby microsolvation of tryptamine with one water molecule we
obtained by Felkéf and Connell and Felk& using rotational reoptimized the most stable Hartrel€ock structure for each
coherence spectroscopy. The an@lef 23 °, given in ref 14 conformer with Mgller-Plesset perturbation theory. The results
for the angle of the TDM with th@-axis, has been converted of the ab initio calculations are summarized in Table 6. The
into components of the TDM along the inertial axes in Table 5 energy differences between the different conformer clusters are
for better comparison. much larger than those for the respective monomers using the
Comparison of the experimental rotational constants with same method and basis set. If one expresses the energy
rotational constants of Hartre&ock optimized structures (Table  differences in temperature units, the observed monomer energies
6) reveals that only the Gpy(out) conformer with the water differ by less thankT at room temperature, while for the
binding as proton donor to the amino group (Figure 6) can be complexes, the energy differences grow much larger kiaat
responsible for the observed band. All other calculated rotational room temperature. What is the reason for the pronounced
constants are too far off to be considered. In the HartFesck stabilization of theA conformer with respect to all other
calculations, not all 28 starting geometries converged into an conformers upon water complexation?
equivalent structure. Clusters in which the H-atom of the amino  Figure 8 shows the structure of the most stable water cluster.
group that is pointing in direction of the aromatic ring acts as The distance between the O-atom of the water moiety and H
proton donor with respect to the water do not converge at all. at the pyrrole moiety of the indole ring (cf. Figure 1 for atomic
Clusters in which the H-atom of the amino group is pointing numbering of the monomer) is only 238.1 pm. This is already
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Table 6. HF/6-31G(d,p) Optimized Structures of Different Tryptamine—Water Clusters. The Numbers in Parentheses Give the MP2/
6-311G(d,p) Values Where Applicable. The Relative MP2 Energies Contain Corrections of the Basis Set Superposition Error Using the

Counterpoise Method of Boys and Bernardi?! and Zero-Point Energy Corrections

Gpy(out) Gpy(up)

NH(py) NH(a) NH(d) NH(py) NHa(a) NH(d)
Erel. (kd/mol) 12.535 0(0) 17.140 14.291 11.313(8.088) 24.325
A" (MHz) 917.0 1469.4 (1483.0) 1160.8 804.1 1163.9 (1079.8) 1399.7
B" (MHz) 548.7 470.8 (488.2) 566.2 591.0 412.9 (490.3) 445.7
C" (MHz) 373.0 387.0 (402.7) 524.4 370.3 356.4 (397.9) 365.4

anti(py) Gph(out)

NH(py) NH(a) NH(d) NH(py) NH(a) NH(d)
Erel. (kd/mol) 15.294 10.58 (13.228) 14.526 5.457 (4.354) 16.832
A" (MHz) 1035.8 1629.3 (1584.0) 1003.0 1058.7 (1095.1) 1047.1
B" (MHz) 466.1 377.0 (402.2) 538.6 602.4 (617.9) 643.9
C" (MHz) 332.7 316.8(330.9) 375.8 420.4 (437.2) 523.1

anti(ph) anti(up)

NH(py) NHa(a) NH(d) NH(py) NH(a) NH(d)
Erel. (kd/mol) 15.345 8.149 (12.425) 15.472 12.784 (13.183)
A" (MHz) 1038.6 1169.1 (1185.7) 1031.7 1342.2 (1231.8)
B" (MHz) 466.4 509.7 (522.1) 466.4 341.6 (386.9)
C" (MHz) 333.2 373.1(381.1) 332.9 304.6 (346.9)

Gph(up)

NH(py) NHa(a) NH,(d) experiment
Erel. (kd/mol) 16.035 12.694 (7.099) 23.826
A" (MHz) 968.2 1231.5(1247.8) 1065.1 1465.81
B" (MHz) 542.8 405.5 (430.6) 621.8 483.37
C" (MHz) 378.1 351.1 (371.0) 520.3 398.02

bond distance is larger (248.4 pm), explaining the lower stability
of this cluster relative to th& conformer cluster. The stronger
bonding interaction in théA conformer cluster reflects the
increased acidity of the £H bond compared to that of the
C,—H bond.

Determination of the Cluster Structure Parameters.Since
the ab initio calculations guided us in deciding which conformer
is present in the water cluster, we determined the structural
parameters only for the Gpy(out) geometry with the water
molecule attached to the amino group, which acts as acceptor
in this cluster. The three rotational constants have been used
for a fit of the QuaeN distance, the @y eNC, angle, and the
OwateNC,C;s dihedral angle. The structures of the tryptamine
and water moieties have been kept fixed at the respective
monomer geometries. A hydrogen bond length of 301.3 pm and
a nearly linear hydrogen bond was obtained from the fit. This
value is similar to the N hydrogen bond lengths of the
Figure 8. Structure of the tryptaminewater complex in the electronic ~ ammonia-water complex (298.3 prif)and the aniline-water
ground state obtained from the fit of the water distance and the water complex (303 pm§$° The structure shown in Figure 8 is very
orient_ation to the ex_perimentally determined r(_)t_ational constan_ts. The I_ower similar to the structure that was derived by Feltand Connell
half gives a back-view of the complex. The fitting procedure is described and Felkel® based on the rotational constants of the normal

in detail in the Supporting Information. N N .
) ) isotopomer and thels-tryptamine-D,0O cluster, which were
a distance that allows for a weak hydrogen bond, thus selectively ghtained by rotational coherence spectroscopy.

stabilizing this conformer. What about the other conformers?

Clusters of water with conformers in which the amino lone pair Conclusions
is pointing up do not have the possibility to form an additional

hydrogen bond. The same holds for all anti structures in which
the ethyl amino side chain points away from the indole ring

system.

Thus, the only two structures which might be additionally
stabilized are Gpy(out) (th& conformer) and Gph(out) (theé
conformer). In case of th€ conformer cluster, the additional
stabilizing interaction take_s place bgtween_the water O-atom (34) Herbine, P.: Dyke, T. RJ. Chem. Phys1985 83, 3768-3774.
and Hy; at the benzene moiety of the indole ring. The hydrogen (35) Spoerel, U.; Stahl, Wi. Mol. Struct.1998 190, 278-289.

It is surprising that the microsolvation of tryptamine with a
single water molecule freezes out one specific conformer of the
possible 27 in tryptamine. While the barriers separating the
individual conformers that can be observed in the experiment
amount to several times the thermal energy at room
temperature, the energiifferencebetween these isotopomers
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is smaller than or of the order of the magnitudek®f Thus, if This work is part of the doctoral thesis of M.B. The authors
one compares the stabilities of isolated conformational species,thank the National Computer Facilities of The Netherlands
nearly all minima on the potential energy surface are accessibleOrganization of Scientific Research (NWO) for a grant on the
thermally, and the respective conformations should all be Dutch supercomputing facility SARA. We wish to thank Wim
considered. On the other hand, complexation with a single watervan der Zande and Karl Kleinermanns for stimulating discus-
molecule already increases the energy differences between thesions.
conformers to several times the thermal energy at room g nnaring Information Available: Spectra of the normal
tempt_erat_ure. We have traced back the origin of tht_e se_lectlve isotopomer and the triply deuterat€dD, E, andF conformers
stabilization of one.conformer to an ac_jdmonal bonding in the ¢ tryptamine, along with a simulation using the best parameters
water complex, which can only occur in ti#econformer. from the GA fits. Cartesian coordinates of the MP2/6-311G-
Acknowledgment. The financial support of the Deutsche (d.p) optimized structures of the seven tryptamine conformers
Forschungsgemeinschaft (SCHM 1043/9-4) is gratefully ac- described in the text. Complete ref 20. This material is available
knowledged. M.S. thanks the Nordrheinwékisizhe Akademie ~ free of charge via the Internet at http://pubs.acs.org.
der Wissenschaften for a grant which made this work possible. JA0522377
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