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The donor-acceptor complex &1sN—SO; has been studied in the gas phase using rotational spectroscopy.
The adduct has the expected geometry in which the nitrogen lone pair is directed al@@itie of the SQ

and the S@ undergoes free or nearly free internal rotation within the complex. Th& Mond length is
1.915(1) A, and the NSO angle is 98.9P(2hdicating that the formation of the dative bond is nearly, but not
entirely, complete. Small but significant changes in the heavy-atom ring structure of the pyridine upon
complexation are also measured by a serieS®fsubstitution experiments. Analysis of tH& quadrupole
coupling constants indicates a transfer of approximately 0.54 electrons away from the pyridine upon formation
of the dative bond. In the series of complexes of 8@h HCN, CH;CN, HsN, CsHsN, and (CH)sN, electron-
transfer values increase as the bond length decreases, and these changes are shown to accompany a gradual
decrease in the energy gap between the lone pair orbital of the base and the LUM@ ©aB@ated values

of hardnessx) and electronegativityy) give rough but irregular estimates of these energy gaps, and the best
correlations are obtained with energies derived directly from ionization potentials for the pertinent orbitals.
Binding energiese) have also been determined for the following complexes at the MP2/aug-cc-pVTZ level
of theory/basis set: (CHEN—SO; (36.3 kcal/mol), GHsN—SG; (25.5 kcal/mol), HN—SG; (19.6 kcal/mol),
CH3CN—SG; (9.0 kcal/mol), HCCCN-SG; (7.4 kcal/mol), and HCN-SO; (7.3 kcal/mol). These values also
correlate with the energy gap between the donor orbital of the base and the acceptor orbital of the SO

Introduction HSAB principle, for example, ionic contributions dominate in
so-called “hare-hard” complexes, while covalency underlies

; o the binding in “soft-soft” interactions:2 Molecular orbital
long been a subject of much chemical intefdstour laboratory, . .
recent work has focused on the investigation of such systemSp'Ctur?_S h_ave also proven useful as, for example, in the
in which the dative linkages appear to be intermediate betweenduantification of chemical hardness given by Parr and Pearson
van der Waals interactions and fully formed chemical bohds, N 1983:°and in Mulliken’s treatment of weak charge-transfer
Although molecular structure has been the primary focus in theseCOmplexese14in contrast with most theories of acids and bases,
studies, supplementary data from nuclear hyperfine constantswhose primary focus is energetics, our own work has been
and Stark effect measurements has, in some cases, yieldegoncerned with ground-state properties such as molecular and
additional information about electron distributioh$.Thus, as  electronic structure. Nevertheless, in light of the appealing
a class, these complexes have both revealed an interestingimplicity and broad success of aeitlase theories in general,
structural chemistry and provided an unusual perspective on theit seems reasonable to attempt to discuss these physical
evolution of molecular physical properties between the limits properties of partially bound systems in some similar context
of van der Waals and chemical interactions. as well.

. The question cl)lf \t/)vhatddigtjltes ;hl? extent of”d?tive Pl;)ond In this paper, we present a microwave spectroscopic inves-
ormation In partially bound adducts follows naturally from these tigation of the gas phase dorescceptor complex formed from

studies. Clearly, notions of intrinsic strength and compatibility . . . o ;

of the acid and base should be important, and basic chemicalpyndme (py) and S@ The immediate motivation for this work

ideas relating to acidity and basicity are expected to apply. stems from a recgnt study of the closely related SyStem
(CH3)sN—SG;, in which aspects of the molecular and electronic

Perhaps the best known treatments of adidse interactions . -
involve the “E and C” parameters of Dragand the principle structure were elucidatédAlthough pyridine and (Ck)sN are

of Hard and Soft Acids and Bases (HSABYhough an o_f si_milar basicity, as judged by_ p_roton_ affinitié"sp)_/ridine_ is
interesting accouri® starting with early work by Schwarzen- ~ significantly softer’® Therefore, it is of interest to investigate
bach® Ahrland et al2 and Edward¥ underscores a long history ~ their complexes with a common acid and to compare their
of work on the subject. Numerous computational studies have structural and electronic properties. Further insight into the
also been presentéd. comparison is obtained via examination of a broader series of

Central to most simple theories of Lewis acidity is the idea SO adducts, with focus on both ground-state physical properties
that both ionic and covalent interactions play important roles andcomputationally derived binding energies. The results form
in stabilizing the donoracceptor bond. In the language of the a consistent picture in which the properties of these denor
acceptor systems can be readily discussed in terms of popular
*To whom correspondence should be addressed. ideas of acidity and basicity.
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Structure and bonding in Lewis acithase complexes has
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TABLE 1: Hyperfine-Free Linecenters for Observed

o Transitions of Pyridine-SO;
é frequency (MHZ) residual (MHz}
é CsHsUN—32S 0,
o 101— 202 3205.378 0.002
£ Lio—21 3316.233 0.003
B 111— 212 3098.067 0.002
< 20— 303 4803.641 0.003
211312 4973.229 0.001
21—313 4646.000 0.000
21— 32 4810.724 0.003
20— 3 4817.806 0.001
303404 6396.608 0.002
310—413 6628.856 —0.006
313414 6192.636 —0.005
, . . 404—505 7982.575 0.000
6332.1 6332.2 6332.3 CsHs“N—234S0;,
202—303 4767.696 0.004
Frequency (MHz) 2,31 4934.663 0.004
Figure 1. The threeAF = 1 components of thee4— 33 transition 215—313 4612.310 0.002
of meta*3C substituted gHsN—3?SO; observed in natural abundance. 303—404 6348.932 —0.001
This spectrum represents 260 s of data collection time. 312—4i3 6577.498 —0.004
313414 6147.777 —0.003
Experimental Section 0-13C C4HsMN—32S0;
. 200—303 4791.213 0.005
Spectra were recorded using a Ballelygare type pulsed- 2,1—315 4962.765 0.003
nozzle Fourier transform microwave spectrométére details 212—313 4632.087 0.003
of which have been given previously.Briefly, this system 303404 6379.704 —0.001
consists of two circular aluminum mirrors (84 cm radius of 31— 6614.817 —0.004
. . . . 313414 6174.004 —0.003
curvature) creating a FabrPerot cavity contained in a vacuum ) 2
chamber evacuated by a '2@iffusion pump. Adducts are - m437%§4§955N_ SO 0.003
created in situ by allowing the two species of interest to react 2027303 ’ )
. . . L . . 211~ 312 4924.435 0.004
in a supersonic expansion, which is aligned perpendicular to 5’ 3" 4598.426 0.003
the axis of the cavity. Excitation is produced with a pulse of 305—404 6332.198 0.000
microwave radiation of about/2s in duration and, after a short 312=is 6563.774 —0.004
time delay, the emission signal is heterodyne detected and 3134 6129.184 —0.002
Fourier transformed. The range of the instrument is 3 to 18 GHz p-13C CHs“N—32S0;
and transition frequencies are measured with a typical accuracy — 202—3os 4731.806 0.005
211~ 312 4896.160 —0.001
of about 3 kHz.
. . L 21— 313 4578.665 0.003
For this experiment, a pulsed expansion-injection nozzle was 30s—os 6301.325 ~0.002
used to generate the pyridine-S&mplex in situ. Pyridine was 3143 6526.236 0.000
introduced by passing argon with a pressure of approximately  3;3—44 6102.978 —0.002
0.13 atm over a liquid sample and through a small stainless CeHsN—32S0;
steel needle with an inner diameter of 0.01Zhe needle was 30s—4os 6395.863 0.003
positioned to direct the pyridine into the early stages of a pulsed  312—4s 6628.045 —0.001
expansion of S@in argon, which was prepared by passing argon 3137414 6191.947 —0.001
at a pressure of approximately 2.2 atm over a solid sample of Aoa—0s 7981.649 —0.001
polymerized S@held at 0 C. The34S, 15N, and all'3C species CsDsMN—%2S0y
were observed in natural abundance, whereas an isotopically 302:303 ﬁgé'ggé 8'88‘15
enriched sample was used to observe the perdeuterated isoto- Zﬁ—3§ 4683.062 0.012
pomer. A sample spectrum for the mé#&- substituted deriva- 305—4o4 5990.537 0.005
tive observed in natural abundance is shown in Figure 1, 313414 5778.902 —0.012
illustrating the good signal-to-noise ratios obtained even for rare ~ 312—43 6241.125 —0.013
isotopic forms. 404—505 7470.070 —0.002
a Estimated uncertainty i&3 kHz, which was the typical standard
Results error in the fits of the hyperfine structure used to obtain linecenters.
. . b Residuals are from least-squares fits of the hyperfine-free linecenters
A-type rotational transitions were observed fosHg"4N— to eq 1.

32303, C5H514N—34SQ, CsH515N—32503, C5H514N—3ZSO3 with

single 13C substitution in the ortho, meta, and para positions, with a quadrupole coupling constant similar to that observed in
and GDsN—32S0;. When presentN hyperfine structure was ~ the parent species. Because line intensities were significantly
observed and analyzed, except in the casesBEN—32S0;, weaker for the less abundant isotopomers, observations were
where the presence of six quadrupolar nuclei severely compli- limited to a smaller number of transitions than for the parent
cates the spectrum. As a result, for this species, only the species. Measured transitions for all isotopic species with
strongest component is reported as an approximate linecenterresolved hyperfine structure are provided as Supporting Infor-
Interestingly, however, in theyb— 4p4 transition the deuterium  mation. The observed frequencies were fit first to give the
hyperfine structure is collapsed and the observed transitions carhyperfine free linecenters and quadrupole coupling constants,
be fit to a hyperfine splitting pattern of #N nucleus only, which are listed in Tables 1 and 2, respectively. Table 1 also
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TABLE 2: Rotational and Quadrupole Coupling Constants for CsHsN—SOs?

Hunt and Leopold

CsHsM“N—3250; CsHsMN—S0y

CsHs'SN—250y

p_ 13CC4H 514N — 3280‘3

A, 5838.4(3) 5839.3(8)

B, 856.3280(3) 849.4876(3)
C, 747.2458(3) 742.0313(3)
eQGa —1.5252(30) —1.5218(60)
[eQqp — eQad —0.1565(70) —0.152(13)

5838.4(11)
856.2181(10)
747.1666(10)

5840.1(12)
842.6612(5)
736.8227(5)

—1.539(44)
—0.14(17)

0-1CCHSN—3250;

M-13CCHs4N—32S 0,

CsDs!4N—32S0;

AF 5745.2(11) 5744.1(12) 4850.5(36)

B/ 854.8786(5) 848.0954(5) 809.6669(80)
C. 744.6464(5) 739.4198(5) 694.0625(80)
eQGa —1.533(41) —1.537(44)

[eQahp — €Qq:] —0.12(13) —0.10(17)

2 All values in MHz. Uncertainties are one standard error in the least-squaresAlits.= A; andB* = B, for the perdeutero derivative.
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Figure 2. Atom labeling and definition of axes in py-SO

includes data for the 4Es15N—32S0; and GDsN—32S0;
species, for which preliminary fits of hyperfine structure were

not performed. Only states corresponding to the ground interna

rotor state of the SQunit were observed, presumably due to
effective cooling of the pyridine and S@n the jet.

Linecenters followed the characteristic pattern for a rigid
asymmetric rotor and were readily fit to the simplified Hamil-
tonian of eq 1, giving the effective rotational constaAts:,
B,*, andC,!8:1% (see Figure 2 for axis labeling)

H = A}P?+B*’+CPz 1)
Equation 1 is expected to apply for the ground internal rotor
state (n = 0 of the SQ unit) in the absence of a significant
barrier term. As a result of the internal rotation, however, the
effective rotational constants* and By* differ from h/872l,4
and h/8y,p, respectively. Using the notation similar to
Kreiner?® the prime indicates that th& rotational constant is

not coincide with thea-axis of the complex. For these species

AF = N,[1-€A ) (3a)

and

B,* =B, [1+ €%,/ (3b)
wheree is the angle (in radians) between the internal rotation
axis and the principle inertial axis In both cases of off-axis
substitution for this complex, is very small (0.16 and 0.40),
and the correction does not change the rotational constants
within the precision that they are determined.

The effective rotational constants for the isotopic species
studied are listed in Table 2. Residuals for the fitted linecenters

jare seen to be less than 6 kHz for the parent and all singly

substituted derivatives and 13 kHz for the perdeuterated species.
Several attempts were made to include centrifugal distortion
terms but the resulting constants were only marginally deter-
mined statistically, and the improvement in the residuals of the
fit was only slight. In light of these results and because the
residuals in Table 1 are on the order of the estimated uncertain-
ties for the linecenters, further attempts to fit the centrifugal
distortion were not pursued. Because the complex has only
a-type spectra, values oA are not well determined and
consequently, their standard errors are several orders of
magnitude higher than those for either B or C.

Computational Methods and Results

Ab initio geometry optimizations and energy calculations
were performed for py-Sg§and, for the purposes of comparison,

perturbed by the internal rotation in all isotopic species and the for (CHz)sN—S0;, H3N—SQ0;, CH;CN—S0O;, HCCCN-SG;,

asterisks indicate that both and B will be further perturbed
by off-axis isotopic substitution. For the parent isotopomer and
those with on-axis or symmetrical substitution, only the
rotational constant is affected by internal rotation. In this case

A= A= N8A,—1,)=MN8AN, (2a)

and

B, =B

y (2b)

where |, = (h/87?)/A; is the moment of inertia of the rigid
complex about, andl, is the moment of inertia of the SO
unit about its symmetry axis at its distorted configuration in
the complex.

For isotopic derivatives with off-axis substitution an additional

and HCN-SG; as well. Calculations for all species were done
at both the MP2/aug-cc-pVDZ and the MP2/aug-cc-pVTZ levels
using Molpro 2000.2° Comparison of results obtained from
both basis sets showed that geometries and energies for all
complexes studied are reasonably converged, and values
obtained from the MP2/aug-cc-pVTZ calculations are presented
in Table 3. Binding energies were calculated as the difference
between the optimized dimer energy and the sum of the
optimized monomer energies, vizDe = E(B—SOs)opt —
[E(SOs)opt + E(B)opd (where B= (CHg)sN, py, NHz, CH:CN,
HCCCN, or HCN). Zero point energies were not calculated, as
the computed well depths provide a logical basis for comparison
across the series. The equilibrium bond distances are also listed
in Table 3 and are seen to fall in most cases to within 0.04 A
of the vibrationally averaged values determined experimentally.
The N-S distances calculated for py-8@nd NH—SGO; are

correction is needed because the axis of internal rotation doessomewhat farther from the experimental values (0.05 and 0.06
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TABLE 3: Binding Energies and Bond Lengths for Complexes of S@

De AD(cpc) De(cpc) AD(dist) R(NS) [A]
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) theoretical experimental
(CHz)sN—SG; 40.04 3.77 36.27 —-11.34 1.951 1.912
CsHsN—SOs 28.40 2.87 25.53 —9.18 1.969 1.915
NH3—SG0;s 21.36 181 19.55 —6.22 2.017 1.957
CH3;CN—SG; 10.22 1.19 9.03 —-0.77 2.444 2.46%
HCCCN-SG; 8.51 111 7.40 —0.42 2.525 2.568
HCN—-SG; 8.23 0.98 7.25 —-0.37 2.547 2.57

a Calculated results at the MP2/aug-cc-pVTZ level/basistsReference 4¢ This work. ¢ Reference 23¢ Reference 24.Reference 25.

A, respectively), but the trend among the series of complexes /ABLE 4: Structural Parameters of CsHsN—SO,

is retained nonetheless. _ _ preferred Kraitch-
To estimate the degree of basis set superposition error, further fit 12 fit Il structuré  man
energy calculations were performed with the monomers held R(NS) [A] 1.871879(32) 1.944786(32) 1.915(1) 1.826
fixed at their geometries in the optimized complex, using first ®(NSO) [deg] ~ 98.3042(22) 99.6174(23) 98.91(2) e
only the basis functions of the monomer (mb) and then the full RIN-Cy) [A] 1.338 1.332 1.3409(6) 1.379
basis of the dimer (db). The counterpoise correéfias the RG-C)[A] 1394 1.368 1.3863(3)  1.405
, : : , R(C—C3) [A]  1.3920 1.370 1.402(6)  1.395
difference in the energy of the monomers calculated with the <(c,NC¢) [deg] 116.9 121.9 122.0(1) 1174
monomer and the full dimer basiaDe(cpc) = [E(SOs)mp + <(NC,C;) [deg] 123.8 120.F 120.55 (6) 122.3
E(B)mt] — [E(SOs)ab + E(B)ay]. The counterpoise correction  <(CiC:Cj) [deg] 118.3 118.75 118.6(1) 1193
decreases as the basis set increases, from 2.2 kcal/mol for ccRIN—C9) [l 2.805 2.695 2.740 2.825

pVDZ to 2.1 kcal/mol for aug-cc-pVDZ to 1.0 kcal/mol for aug- R(S-Ca) [A] 4677 4.640 4.656 4.651
cc-pVTZ for HCN—-SQs. However, it is nearly 4 kcal/mol with 2Because the pyridine ring has,, symmetry in the gas-phase
the aug-cc-pVTZ basis set for (GHN—SO; which has nearly ~ complexR(Ci—Cp) = R(Cs—Ca), <(NC1C;) = <(NCsCy), etc.” Values
twice as many basis functions as HENOs. Although the fixed at the microwave structure of free pyridine in referenqe [26Db].
. s ¢Values fixed at averages fromsisN—SQO; crystal structure in ref
counterpoise correction increases by nearly a factor of 4 aCr0SSy7 d gee text for discussioftNot determined, as there was no oxygen
the series from HCNSGO; to (CHz)sN—SG;, in all complexes substitution.
it is roughly 10% of the binding energy. The calculated
correction is subtracted from the initial binding enerBy, for structure prior to the observation of thi€ species. Past work
each complex to give an improved estimag(cpc). Values  on similar adducts has indicated that it is frequently sufficient
of De(cpc) are also listed in Table 3. Bepause the cognterpoiseto determine only the NS distance, R(NS), and the NSO angle,
correction generally represents a maximum correction to the o (NSO), while leaving the remaining internal structural param-
t_)asi_s set superposition error, the true bind_ing energies likely aters of the monomers fixed at their free-molecule vafi#é4
lie in the range between the counterpoise corrected andpecause there are slight differences in the pyridine ring structure
uncorrected values. The 19.6 kcal/mol binding energy obtained i, the gas phagéand in the X-ray structure of the compl&k,
for the HsN—SG; with the counterpoise correction is similar to  gata were fit with the pyridine ring fixed at both its gas-phase
the 19.1 kcal/mol value obtained by Wong, Wiberg, and Frich.  girycture and its structure in solid py-$& With either set of
From the above calculations, we can also determine the pyridine ring parameters, however, the fits were very poor, with
energy associated with the distortion of the monomers upon resjduals of several MHz in all of the B and C rotational

complexation aaDe(dist) = [E(SOs)opt + E(B)opd — [E(SOs)mb constants included. The A rotational constants were not included,
+ E(B)mb]. As noted aboveE(X)qp refers to the calculated a5 they are strongly perturbed by rotation of the;S@it.
energy of free X at its optimized geometry, aBfX)mn refers Indeed, we note that the values of A obtained for the complex

to the calculated energy of X in its distorted geometry in the ere very nearly equal to those of free pyridine (rather than
complex, both obtained with the monomer basis set. This rigid py-SQ), indicating the that internal rotation of the $O
distortion energy is only a few tenths of a kcal/mol for HEN moiety is either free or only slightly hinderd®.

SO, but S(_everal keal/mol for py-S£and (CH3)3N_SO3'_Wh'Ch Following the observation of tH€C substituted forms of the

are more tlght!y bound and undergo greater geometr_lcal changeq:omme)(, similar fits varying only R(NS) and(NSO) were

of the SQ unit upon complexation. Values @D¢(dist) are attempted. The structural parameters derived from these fits are

also included in Table 3. given in Table 4, where Fit | utilizes the structure of free
vsi pyridine and Fit Il utilizes the ring structure observed in solid
Structure Analysis py-SQs. Still, however, the resulting residuals were poor, with

The observed asymmetric top spectrum and the isotope shiftserrors of approximately+1.5 MHz in all the B rotational
confirm the expected geometry in which the pyridine ring is constants ane-2 MHz in all of the C rotational constants. Thus,

planar with itsC, axis along theCs axis (the axis of internal it became apparent that additional parameters needed to be freed
rotation) of the S@ unit. As is evident in Figure 2, this in the analysis.

symmetry axis is identically the-axis of the complex for The observations of theN and!3C isotopomers comprise a
symmetrically substituted forms and very nearly #axis for series of species in which all heavy atoms in the pyridine ring
the asymmetrically substituted derivatives. Preliminary analysis are substituted and from which, therefore, the heavy atom ring
indicated the nitrogensulfur bond length to be about 1.9 A, structure can be determined. Thus, another series of fits was
which is slightly longer than the sum of covalent radii for done including as adjustable parameters all of the structural
nitrogen and sulfur (1.74 A). Although three isotopically parameters in the pyridine ring with the exception of those
substituted species certainly do not provide enough data to fit pertaining to the positions of the hydrogens. Observation of only
all parameters, initial attempts were made to determine the onelC isotopomer for substitution at each position in the ring
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TABLE 5: Physical Properties Pertinent to Donor—Acceptor Complexes of SQ

R(NS)(R) electron
[onso(deg)] transfer IE(eV) EA(eV)2P AE(eV)® 2(eV)P n(eVv)P AE,,(eV)!

SG; 12.8¢ 1.70 7.2 55

(CH3)sN—SG0; 1.912(209 0.58 8.54 —4.8 6.8 1.5 6.3 6.1
[100.1(2)]

CsHsN—SG; 1.915(1) 0.54 9.66k —0.59 8.0 4.4 5.0" 7.7
[98.91(2)]

H3sN—SGO; 1.957(23) 0.3@ 10.83 —5.6 9.2 2.6 8.2 9.1
[97.6(4)]

CH3CN—SG; 2.466(16H 0.1@ 13.174 —-2.8 115 4.7 7.5 10.5
[92.0(7)]

HCCCN-SG; 2.568(8) 13.544 2.56 11.8 7.2 4.6 10.1
[91.9(3)]

HCN—SG; 2.577(6% 0.12 14.01v —-2.3 12.3 5.7 8.0 12.0
[91.8(4)]

aValues listed for complexes refer to the basic moiety. lonization energies are vertical VaRedsrence 7a, unless otherwise noteinergy
difference between donor and acceptor orbitals, calculated from IE and EA vakmsigy difference between donor and acceptor orbitals calculated
from x andy. ¢ Reference 37.Reference 382 Reference 4" Reference 39.This work.! lonization from the nitrogen lone paif Reference 40.
I Reference 417 Reference 7d" Reference 23? Reference 42° Reference 249 Reference 43. Reference 253 Reference 44 Calculated using
x = Y(IE + EA) andn = Y5(IE — EA). Following the convention of Reference 7a, the first ionization energy is used (11.75 eV from Reference
43). " Reference 45.

indicates that pyridine retains i€, symmetry in the complex internal rotation. Although the-SC; distance was found to be
and is not perturbed in the gas phase, as it is in the solid. It in agreement with the results of the least-squares fit, the
seems likely, therefore, that the slight asymmetry in the solid individual distances R(NS) and R(\Cs) differed by+0.09 A
phase of the complex is due to crystal effects. Hydrogen and—0.09 A, from those reported for the “Preferred Structure”
distances and angles were kept fixed using parameters from theof Table 4. This indicates that the primary difference between
gas phase structure of free pyridine, as these values arethe two structures is in the location of the nitrogen atom. Upon
consistent with the symmetry of the ring structure and are better closer examination, we observed that the nitrogen lies within
determined than those in the solid. With the fits performed in approximately 0.3 A of the center of mass of the complex, a
this way, residuals of the fitted rotational constants were on situation notorious for producing inaccurate coordinates in the
the order of only tens of kilohertz, which represents a significant Kraitchman method®Moreover, a survey of the literatue36
improvement over the earlier analyg&C,—C3) and[(C1C,Cs) revealed that the CNC angle in pyridinium complexes is
were found to be highly correlated, however, and thus, the final typically in the 122 —128 range, comparable to that observed
analysis was done withl(C1C,Cs) held fixed in separate fits  in solid py-SQ and that obtained for the preferred structure.

at 118.3 (its value in free pyridine in the gas phd% and Indeed, it has been noted previodSlyhat an increase in the
118.75 (the average value in the X-ray crystal structure of the CNC angle of free pyridine is characteristic upon protonation,
complexX?). Similarly, fits were done with the -SO bond and the 117 value obtained from the Kraitchman analysis

distance constrained to the gas-phase value of 1.4198 A in freetherefore would appear surprisingly low. Although comparisons
SOs%% and the average of the three distances observed in solidwith pyridinium complexes certainly do not provide a definitive
py-SQs (1.422 A). The differences between the fits applying basis for rejecting the Kraitchman structure of pysS@ey
any of the above constraints were small, and the values reportedsupport the suspicion that the nitrogen coordinates are in error.
under “Preferred Structure” of Table 4 are the corresponding Thus, the results of the least-squares fits are probably more
averages, with error bars combined to reflect the full range of reliable.
values obtained. The values of R(NS) an@NSO) are seen to
fall between those obtained from either of fits | or II. Discussion

Because of the ease of obtainingdgN, the fully deuterated
species of the complex was observed to provide an additional Molecular Structure and Electronic Structure. Structural
confirmation of the structure. Including the rotational constants parameters for py-Sgare listed in Table 5 together with those
of this isotopomer in the structure fit results in a 0.006 A longer of a number of related complexes. The nitrogsnlfur bond
NS distance with residuals for the deuterated species a factorlength of 1.915(1) A observed in gas-phase pys$much
of 3 larger than those of the parent and singly substituted speciesshorter than the estimated van der Waals separation (2.9 A) but
These errors are small and may be due, at least in part, tois still slightly longer than the sum of the covalent radii (1.74
uncertainty in the zero-point reduction of the-8 bonds upon A). Thus, the formation of the dative bond in py-$&ppears
deuteration (which would be compensated by a longeiSN  to be nearly, but not entirely, complete. The NSO bond angle
distance in the fit) and perhaps to the somewhat larger of 99° corresponds to a significant out-of-plane distortion of
uncertainties in the pyridine rotational constants themselves.the SQ unit and thus further indicates a substantial chemical
Because determination of the true CH/D distance would require interaction in the complex. The nitrogesulfur distance in the
single-deuterium substitutions, the data from the fully deuterated preferred structure is about 0.09 A longer than the 1.829(5) A
species is not included in the final structure fit. It is worth noting, value reported in the soli,indicating that upon crystallization,
however, that the observed valueBaindC for the perdeutero  the N—S bond undergoes a small but significant contraction.
derivative differ from those calculated using the “Preferred Although an effect of this size would be unusual for most
Structure” by only 0.43 and 0.45 MHz respectivély. covalent bonds, it is reasonable for a dative bond whose

As a further independent check of the structure, a Kraitchman formation is incomplete. Indeed, bond length changes much
analysid®32was performed following the method of Krein€r, greater than 0.09 A have been reported for numerous partially
which includes several corrections to account for the effects of bonded Lewis acigbase type complexésNevertheless, we
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note that a structure based on the (less favored) Kraitchman+ B2 = 1) givesn = 282 = 2(1-0?) = 0.54 e, which is
coordinates would indicate the nitrogesulfur distance is interpreted as the number of electrons transferred upon com-
essentially the same in the gas and the solid phase. plexation?®
The N quadrupole coupling constant of the complex  values ofn for complexes of S@are also given in Table 5,
contains, at least in principle, information about the degree of \where it is satisfying to observe that a decrease inS\bond
electron transfer upon Complexation. For free pyridine, analysis |ength is accompanied by a monotonic increase in electron
according to the method of Townes and Daité§® gives transfer. However, although this trend is both clear and
chemically sensible, the absolute numbers should not be
eQq,= [4a7 — a2 + (1,~2a))bl(eQqy)  (5a) regarded as quantitative for several reasons. The Townes and
Dailey analysis, for example, contains many approxima-
and tions1846.47 and the form of the dative bond wave function
expressed in eq 7 is extremely crude. In addition, the definition
[eQq,, — eQq.J = (¥,)(b — a)(eQa0) (5b) of electron transfer is by no means unidfenterestingly,
previous examination of both Mulliken and NPA population
wherea andb are the populations of the ando orbitals in the analyses of these systems also indicated an increasing degree
nitrogen—carbon bonds, respectively, aag is the amount of of electron transfer as the N5 bond length shortertsThe
s-character in each of thesp? hybrid orbitals of nitrogen used  absolute values, however, were found to be significantly smaller
to form the N-C ¢ bonds.eQa1o is the quadrupole coupling  than those derived from hyperfine structure. As is usually the
constant for a single 2mlectron in atomic nitrogen, estimated ~ case in the interpretation of electron populations, it is the relative,
to be —9.0 MHz 27 Equations 5 are equivalent to those given rather than the absolute, values which are most significant.

by Lucken?” but differ slightly in notation. The value o A critical approximation inherent in the above determination
can be obtained, as usual, from theNCs bond anglef), using of nis the neglect of overlap betweeiiN) and¢$(SCs). Within
the relation the usual approximations of the Townes and Dailey analysis, it
is o2 that is determined directly from the quadrupole coupling
as2 = cos6/(cosh — 1) (6) constants, whereas subsequent calculatiofgdfeqjuires either
knowledge or neglect of the overlap integ@d= [d(N)p(SOs)dr.
For py-SQ, the wave function for the dative bonglp, may be In this regard, it is interesting to note that the inclusion of an
approximated as a normalized linear combination of the donor overlap integral as small as 0.1 into the normalization condition
and acceptor orbitalg(N) and ¢(SGs), respectively, viz for Wp reduces the 0.5d value ofn quoted above for py-SO
to only 0.39e. Further increases i@result in a continued drop
Yp = ap(N) + Sp(SO,) (7 in n. Thus, although often ignored, the overlap integral has a

significant effect on the estimation of charge transfer from
With this form, it is straightforward to show that the differences hyperfine structure. Indeed, it is tempting to speculate that its

in quadrupole coupling constants between free pyridfand effect may account, at least in part, for the apparent overestima-
those of the complex are given by tion relative to population analyses.
o Although the value of the overlap integral will not, in general,
A(eQq,) = [eQq,{complex)— eQq,{pyridine)] = be simple to obtain, a slight clarification in interpretation of
4a52((x2 — 1)(eQay, + (1/2)(a — a)(eQayy) — the electron transfer values readily circumvents the problem.

1 ) 5 In particular, we note that with the inclusion of S, the tabulated
()b — b')(1-4a5")(eQqy g (8a) values ofn = 2(1 — a?) are equal to @2 + 408S, which
represents the population on the acid plus that in the shared

and bonding region. Thus, the “electron transfer” values listed in
Table 5 are not the amount of charge transferred to the acid per
A(eQq,, — eQq,) = {[eQq,, — eQqJ(complex)— se, but are better interpreted as the charge transfawagfrom
[eQq,, — eQq.](pyridine)} = (Slz)(erem)[(a_ a)— the base. Such an interpretat_iqn does not specify hqw the
(b— b)] (8b) transferred electrons are partitioned between the acid and
bonding region, but nevertheless conveys a sense for the degree
Here, the unprimed and primed valuesaaindb refer to thexr to which a Lewis acietbase reaction has occurred between the

ando populations before and after complexation, respectively. MOI€tes.

Becausea = a and b = b, the change ineQaga upon Correlation of Physical Properties with Orbital Energy
complexation depends primarily an and is relatively stable ~ Gaps. The increase in charge transfer and the geometrical
with respect to small changes in electron populations in the changes observed for the complexes in Table 5 suggest a
carbon-nitrogen bonds. On the other hand, note that the changeProgressive advancement of the dative bond between-HCN
in [eQap — eQqd depends strongly and exclusively on the SOs;and (CH)sN—SGs. The correlation between these proper-
small differencesg — @) and b — b). This dependence is ties, however, does not, in itself, illuminate the factors that

apparent from the data presented above, far# a andb = determine the order of these compounds within the series. As
b, the value of €Qaqy, — eQqy of the complex equals that of ~ Nnoted in the Introduction, the intrinsic strength and compatibility
free pyridine. Yet, using the value oBQqp — eQqd = of the acid and base would appear to be important in determining

—2.014(5) MHz for free pyridin@® the experimental ratio of ~ the degree of dative interaction. In this light, therefore, it is of

[eQap — eQaqd(pyridine)/[eQay, — eQad(complex) is ap- interest to identify specific physical properties of the donor and
proximately 13. With the value of = 122.0° given in Table acceptor which combine to produce the variations observed
4, we obtaina2 = 0.3464 for py-S@, and, using the observed =~ among their respective complexes.

value ofeQaq{**N) for the parent isotopic form in eq 8a? = In the language of the HSAB theory, electron transfer between
0.73. Invoking the usual neglect of overlap (i.e., assunuifig  the acid and base arises from the covalent (*ssdift”) portion
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Figure 3. Orbital energy diagram for S@nd its basic binding partners, ~ coupling constants, vs the energy gap between the lone pair of the donor
estimated from electron affinity and ionization energy data. Energies and the LUMO of the acceptor for complexes of S@ith several

of the donor and acceptor orbitals are drawn to scale but the resulting Nitrogen-containing bases. Data for this plot are found in Table 5. Solid
orbitals of the complex are not. points represent energy differences calculated directly from IE and EA

data AE). Open points represent energy differences estimated from
hardness and electronegativity valuAgf,). Lines are drawn for ease

of the donor-acceptor interaction. Thus, to the extent that of visualization but have no fundamental significance.

bonding arises from mixing of the donor and acceptor orbitals,
it is not unreasonable to expect that the degree of interaction 2.7
across a series of related systems should correlate with the
energy gap between those orbitals. While, strictly speaking, it
is the bondenergythat forms the basis for most measures of
acid—base interaction strength, a smooth evolution of physical
properties of the complexes between van der Waals and
chemical interactions would not be unexpected. Moreover,
insofar as electron transfer is concerned, the simple wave
function written in eq 7 expresses the orbital mixing directly
and, indeed, is identical in form to that used by Klopman in his
treatment of doneracceptor interaction. Thus, the electron-
transfer values derived from nuclear hyperfine structure provide,
in a sense, a direct measure of the covalent portion of the 1.7 \ . ‘ ‘
interaction and may be expected to correlate with the energy 5 9 11 13
difference between the donor and acceptor orbitals. Energy Gap (eV)

T.O test for S.UCh a Correlatlc_)n, orbital energies fqr the donor Figure 5. Gas-phase NS bond distance vs the energy gap between
orbitals (the nitrogen lone pairs) and acceptor orbital (LUMO e jone pair of the donor and the LUMO of the acceptor for complexes

of SO;) were estimated from experimental values of the of SO, with several nitrogen-containing bases. Data for this plot is found
ionization energies and electron affinities using Koopmans'’ in Table 5. Solid points represent energy differences calculated directly
theoren®® The resulting orbital energy gapAE, are given in from |IE and EA data4E). Open points represent energy differences
Table 5, as are the ionization energies (IEs) and electron €Stimated from hardness and electronegativity valdes,. Lines
affinities (EAs) of the species of interest. An energy diagram S;arl]v(\:lg are for ease of visualization but have no fundamental signifi-
is also presented in Figure 3. The ionization energies are, in '
some cases, the first ionization energy of the molecules. lines are drawn for ease of visualization but have no fundamental
However, close examination reveals that the orbitals corre- significance.
sponding to the first IE are not always the same as those used The monotonic variation in electron transfer with donor
in the donor-acceptor interaction. Specifically, in the case of acceptor energy gap is apparent in Figure 4. For the bond lengths
the nitriles, it is thesx orbital, not the lone pair, which  shown in Figure 5, a correlation is also suggested, though it is
corresponds to the first ionization energy. Thus, care has beenperhaps less clear, as the distances are more clustered at long
taken in compiling Table 5 to use ionization energies pertinent and short values. Nevertheless, it appears that the orbital energy
to the orbitals involved in dative bond formation. Vertical values, gap is indeed a useful, fundamental parameter with which simple
which are appropriate for use with Koopmans’ theorem, have physical properties of these complexes correlate. The calculated
been used for the ionization energies. binding energies listed in Table 3 are also seen to increase from
Figure 4 displays a plot of the number of electrons transferred HCN—SG; to (CHg)sN—SGO;, consistent with a strengthening
(determined from nuclear hyperfine structure) against the energyof the donor-acceptor bond as the orbital energy gap decreases.
gap between the donor and acceptor orbitals. The solid circles It should be noted that orbital energies derived from ionization
joined by a solid line utilize energy gaps determined by the energies are generally more accurate than those obtained from
method described above. The open circles joined by a dashecelectron affinitie1-52Thus, the energy values for the lone pair
line are those derived from hardness and electronegativity orbitals of the base are probably significantly better than that
parameters, as described below. Similar plots are presented irof the LUMO of SQ. Nevertheless, the latter enters into the
Figure 5, in which the nitrogensulfur bond length is displayed  energy gaps for all members of the series as a constant offset
as a function of energy gap. Note that for both sets of data, theand thus, any impropriety in the application of Koopmans’
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theorem to EA values does not impact on the trend across the These results, combined with similar data for the series of
series. Indeed, a correlation with energy gap is equivalent in complexes, B-SG; (B = HCN, HCCCN, CHCN, HsN, CsHsN,
this context to a correlation with IE of the base. We prefer, and (CH)sN), offer a broader view of the formation of partial
however, to plot energy gap, as it is related in a more donor-acceptor bonds. In particular, physical properties such
fundamental way to basic ideas of chemical bonding. as N=S bond length and degree of electron transfer are shown
Correlations involving orbital energies are certainly not new. to correlate with the energy difference between the nitrogen lone
Indeed, the stabilization of “softsoft” interactions in the HSAB ~ Pair orbital and the LUMO of the SQIn the language of the
theory arises from small energy gaps between the donor andtheory of hard and soft acids and bases, these energy gaps are
acceptor orbitald!? The theory of weak charge transfer Cclosely related to the softsoft part of the interaction, which
complexes, developed by Mulliken in 1982also considers  involves direct mixing of the donor and acceptor orbitals. Thus,
simple ideas of mixing between the donor and the acceptor the soft-soft |nterac't|ons appear to dommate the variations in
orbitals and arrives at a correlation between donor ionization Structure and bonding across the series. Hardness and elec-
potential and the frequency of the donor-to-acceptor charge ronegativity parameters;(andy, respectively) are somewhat
transfer band. The use of ionization energies to establish theUSeful in predicting the position of a complex in the series but
correlation of Figures 4 and 5 is very similar in this regard. irregularities can arise, especially when the first ionization
However, rather than interpreting the frequency of the charge energy of the donor does not correspond to removal of an
transfer absorption, as in the Mulliken theory, the focus is on €l€ctron in the lone pair. Thus, orbital energy gaps estimated
the physical properties of the ground electronic state. A similar diréctly from ionization energy and electron affinity data for
result has recently been reported by Legon and co-wdvkers (he relevant orbitals are more reliable. _
for complexes containing BrCl and ICI, in which charge transfer AP initio calculations of the binding energies for the above
was correlated with the ionization potential of the basic binding S€ries of complexes vary from only 7.3 kcal/mol for HEN
partner. The results shown in Figure 4, however, cover a larger SC3 t0 36.3 kcal/mol for (CHN—SG; in the gas phase, and
range, encompassing both relatively weak interactions (such as2!SC increase as the donor and acceptor orbitals approach one
in HCN—S03) and more fully formed chemical bonds (such as a_nother in energy. This obs_ervatlon_ls also_ln accord with a
in (CHs)sN—SO). This feature of the data set accounts for the SIMPIE picture of softsoft acid-base interactions.
somewhat different shapes of the resulting curves, which are
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