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A computational and X-ray crystallographic investigation of the electronic and geometric structures of a range of
sulfonyl (=SO,—) and phosphonyl (—-PO,~—) containing species was undertaken to investigate the nature of valency
and bonding in these functional groups. The traditional representation of sulfonyl and phosphonyl species is with
octet-violating Lewis structures, which require d-orbital participation at the central atom. However, computational
studies cast serious doubt upon this bonding model. In this work, we have employed NBO/NRT analysis to investigate
hybridization, atomic formal charges, donor—acceptor interactions, and resonance structure contributions. Our results
predict that within sulfonyl and phosphonyl systems, bonding interactions are highly polarized, of the form X*=Y~
(X =P, S), and possess additional contributions from reciprocal n — ¢* interactions where substituents off sulfur
or phosphorus simultaneously act as donors and acceptors. Experimental evidence for the proposed bonding
arrangement is provided for the sulfonyl functional group through a series of low-temperature X-ray structure
correlations for sulfate monoesters, sulfamates, and methanesulfonates. Examination of changes to bond lengths
and geometries upon substituent variation support the computational results. Together, our studies lend support for
a bonding network in sulfonyl and phosphonyl groups composed of polar interactions augmented with reciprocal
hyperconjugative bonding, which does not necessitate significant d-orbital participation nor formal octet violation at
the central sulfur or phosphorus.

Introduction tion during embryogenes#s?® regulation of hormonal activ-
The phosphonyl POy —) and sulfonyl SO,—) func- ity,8” leukocyte adhesion during inflammatiéimterspecies
tional groups are an essential component of some of the mOSPommunlcatlor?,and pathogenest8.The critical |mportanc§
important molecular species in NatdrBhosphate esters play of sulfuryl and phosphoryl transfer_ has pro.mpted sustained
a critical structural role in nucleic acids and provide the research efforts to elucidate the fine detail of these group

i 1—16 inti i
fundamental energy currency in biological systems. Phos- transfer reaction¥:'6 An intimate understanding of the

phoryl group (-PQGs?>~—) transfer has long been held as the
(3) Whitelock, J. M.; lozzo, R. VChem. Re. 2005 105, 2745-2764.

paradigm of intracellular communicatidnincreasingly, it (4) Nakato, H.. Kimata, KBiochim. Biophys. Act2002 1573 312
has emerged that sulfuryl group $O;—) transfer processes 318.
icati i (5) Taylor, K. R.; Gallo, R. LFASEB J.2006 20, 9—22.
orchestrate extracellular communication in a manner that (6) Strott. C. A Endocr. Re. 2002 23, 703-732.
parallels the role of phosphoryl group transfer in the (7) reed, M. J.; Purohit, A.; Woo, L. W. L.; Newman, S. P.; Potter, B.

intracellular domain. Sulfated biomolecules have been V. L. Endocr. Re. 2005 26, 171-202.

implicated in such diverse roles as cell and tissue differentia- Egg Ketioe. J \’J\/_';\,?egg,fjﬂ;,g i *‘890”3533?&%2,?357,5&3‘3'33&1 6

24-30.
*To whom correspondence should be addressed. E-mail: sjwill@ (10) Mougous, J. D.; Green, R. E.; Williams, S. J.; Brenner, S. E.; Bertozzi,
unimelb.edu.au. C. R.Chem. Biol.2002 9, 767—776.
(1) The following terms are used to denote the corresponding groups: (11) Williams, A. Acc. Chem. Red.989 22, 387—392.
phosphoryl,—POs2~; sulfuryl, —SO;—; phosphonyl,—PQ,~—; sul- (12) Thatcher, G. R. J.; Kluger, Rdv. Phys. Org. Cheni 989 25, 99—
fonyl, —SQO,—. While the phosphoryl and sulfuryl groups are more 265.

correctly referred to as phosphonato and sulfonato, respectively, we (13) Cleland, W. W.; Hengge, A. @Chem. Re. 2006 106, 3252-3278.
have retained the common usage because it is more widespread in(14) Hengge, A. CAcc. Chem. Ref002 35, 105-112.

the literature. (15) King, J. F.; Skonieczny, S.; Khemani, K. C.; Lock, J.Azlv. Chem.
(2) Westheimer, F. HSciencel987, 235 1173-1178. Ser.1987 385-398.
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ground-state electronic structure of the sulfonyl and phos- Y
phonyl functionalities should improve understanding of these a
transfer reactions. \"O\‘ Y
There remains considerable uncertainty of the fundamental O
electronic structure of phosphonyl and, particularly, sulfonyl Ny'— 6*s_y?

functional groups because of the apparent octet v[olatlon of Figure 1. lllustration of generalizedy — o*s-y2 interaction in sulfonyl
the central phosphorus and sulfur atoms. While many systems.
undergraduate chemistry textbooks state that elements in the
third period and higher may violate the octet rule through groups:>3**support highly polarized modes of bonding, rather
occupation of d-orbital¥’-1° a significant involvement of ~ than bonding models that require d-orbital participation.
d-orbitals in bonding in hypervalent phosphorus and sulfur Consequently, to gain deeper insight into the nature of
species seems doubtful. Since the seminal study of Reed andonding within the sulfonyl and phosphonyl functional
von Rague Schleyer nearly 20 years dj@onsiderable  groups, we undertook a combined computational and ex-
computational evidence has mounted supporting alternativePerimental study on the electronic structure of the sulfonyl
bonding models in hypervalent sulfur and phosphorus speciesand phosphonyl functional groups. As more experimental
that do not require d-orbital occupati®h26 While inclusion ~ data has been obtained for phosphonyl systems, we have
of d-orbitals in basis sets are required for accurate calculationmaintained a particular focus on the corresponding data for
of hypervalent phosphorus and sulfur species, their inclusionsulfonyl systems.
serves primarily as polarization functiot’sThe principal Preliminary experimental insight into the electronic struc-
objection to the involvement of d-orbitals in bonding in such ture of the sulfonyl functionality was provided from our
species is the significant energy required to promote electronsrecent study of sulfonyl group transfer, where the ground-
to these orbitalg® In addition, d-orbitals are diffuse and state conformations of a large number of sulfate monoesters
orbital overlap with adjacent donor orbitals is expected to and sulfamate esters in the solid-state implied operation of
be poor; however, it has been argued that in high oxidation @n v* — 6*s-o (Y* = NH,, O") hyperconjugative interaction
states d-orbital contraction occurs allowing better overlap in the equilibrium structures of these compouftiBhere is
with donor orbital€® Alternative models for bonding in  good evidence for operation of a generalized - 0*s-v2
hypervalent oxysulfur and oxyphosphorus species invoke (Y = electron-donating group,?= electron-withdrawing
either X*—Y~ dipolar or 3-center, 4-electron bondiffy. group) interaction in the equilibrium structure of sulfonyl
While there is a substantial body of computational studies systems (Figure 1), which has been investigated using
on the nature of bonding in hypervalent phosphorus and structural methods in the gas, solution, and solid state. X-ray
sulfur species, there are precious few experimental studiescrystallographic studies of numerous sulfonyl systéim,
explicitly investigating this topic. Studies of bonding in Suggest that aanti conformation about the-SY* bond is a
hypervalent phosphorus and sulfur species, including sulfur common architectural feature in these species. This confor-
diimides and sulfur triimide& phosphine oxide, imino- mation allows for efficient ;¢ — o*s-y2 orbital overlap. A
phosphorane® phosphorus tetrahalidésphosphazene¥, similar conformational preference is found for sulfonyl

and representatives from various sulfur-containing functional systems in the gas phase through electron and microwave
diffraction studie®#%and in the solution-phase Big NMR

(16) fgfigg'l'- M.; Maskill, H.; Ruasse, M. Ehem. Soc. Re 1989 18, spectroscop§247-5! The reactivity of various sulfonyl sys-
(17) Kotz, J. C; Treichel, P. M.; Weaver, G. Chemistry and Chemical tems has been rationalized in terms of operation of an n
Reactvity; Thomson Brooks/Cole: Belmont, CA, 2006; p 394. — 0*s_y2 interaction including the facility of generation of

(18) Brown, T. L.; LeMay, H. E., Jr.; Bursten, B. Ehemistry the Central
SciencePearson Education Inc.: Upper Saddle River, NJ, 2006; p327.
(19) Zumdahl, S. S.; Zumdahl, S. £&hemistry 6 ed.; Houghton Mifflin

a-sulfonyl carbanior®® and the increased acid¥y®® and

Company: Boston, MA, 2003; pp 66&07. (33) Heil, T. E.; Check, C. E.; Lobring, K. C.; Sunderlin, L. &.Phys.

(20) Reed, A. E.; Schleyer, P. \J. Am. Chem. Sod99Q 112 1434 Chem. A2002 106, 10043-10048.

1445. (34) Chaplin, A. B.; Harrison, J. A.; Dyson, P.ldorg. Chem.2005 44,

(21) Gillespie, R. J.; Silvi, BCoord. Chem. Re 2002 233 53-62. 8407-8417.

(22) Cioslowski, J.; Mixon, S. Tlnorg. Chem.1993 32, 3209-3216. (35) Chesnut, D. B.; Quin, L. DHeteroat. Chem2004 15, 216-224.

(23) Dobado, J. A.; Martinez-Garcia, H.; Molina, J. M.; Sundberg, M. R.  (36) Gassman, P. G.; Callstrom, M. R.; Martin, J. C.; Rongione, J.C.
J. Am. Chem. S0d.998 120, 8461-8471. Am. Chem. Sod988 110, 8724-8725.

(24) Dobado, J. A.; Martinez-Garcia, H.; Molina, J. M.; Sundberg, M. R.  (37) Denehy, E.; White, J. M.; Williams, S.Ghem. Commur2006 314—
J. Am. Chem. S0d.999 121, 3156-3164. 316.

(25) Dobado, J. A.; Martinez-Garcia, H.; Molina, J. M.; Sundberg, M. R.  (38) King, J. F.; Khemani, K. C.; Skonieczny, S.; Payne, N.Ghem.
J. Am. Chem. So00Q 122, 1144-1149. Commun.1988 415-417.

(26) Suidan, L.; Badenhoop, J. K.; Glendening, E. D.; Weinhold,.F. (39) Belvisi, L.; Carugo, O.; Poli, Gl. Mol. Struct.1994 318 189-202.
Chem. Educ1995 72, 583-586. (40) Oppolzer, W.; Chapuis, C.; Bernardinelli, Getrahedron Lett1984

(27) Magnusson, EJ. Am. Chem. S0d.993 115 1051-1061. 25, 5885-5888.

(28) Huheey, J. E.; Keiter, E. A.; Keiter, R. llnorganic Chemistry: (41) Barrett, A. G. M.; Braddock, D. C.; Christian, P. W. N.; Pilipauskas,
Principles of Structure and Reacitly, 4th ed.; Harper Collins College D.; White, A. J. P.; Williams, D. JJ. Org. Chem1998 63, 5818~
Publishers: New York, 1993; pp 86@76. 5823.

(29) Mitchell, K. A. R.Chem. Re. 1969 69, 157—-178. (42) Lyapkalo, I. M.; Reissig, H. U.; Schafer, A.; Wagner,Helv. Chim.

(30) Leusser, D.; Henn, J.; Kocher, N.; Engels, B.; Stalke].Am. Chem. Acta 2002 85, 4206-4215.

So0c.2004 126, 1781-1793. (43) Gais, H. J.; Vollhardt, J.; Lindner, H. Angew. Chem., Int. Ed. Engl.

(31) Chesnut, D. BJ. Am. Chem. S0d.998 120, 10504-10510. 1986 25, 939-941.

(32) Kocher, N.; Leusser, D.; Murso, A.; Stalke, Chem—Eur. J.2004 (44) Raabe, G.; Gais, H. J.; Fleischhaued.JAm. Chem. S0d.996 118
10, 3622-3631. 4622-4630.

8872 Inorganic Chemistry, Vol. 46, No. 21, 2007



Sulfonyl and Phosphonyl Group Electronic Structure

Wilke and Weinhold recently proposed that the electronic
sulfonyl systems relative to their acyclic counterparts. structure of phosphodioxirane was consistent with a 3-center,
The presence of anyn— 0*s_y2 (Y1 = CHa, CH,~, NHy; 4-electron, PimentelRundle bonding schenfé.Further-

Y2=C, O, halogen) interaction in sulfonyl systems has also more, Ruben and co-workers have suggested a generalized
been the subject of some theoretical attentfods561 anomeric effect is responsible for—R bond lability in

susceptibility to nucleophilic attack at sulf@rof cyclic

However, in all of these studies but offghe n/: — o*s_y2
interaction was studied in isolation, without considering that
this interaction may compose part of a highly delocalized
bonding network within the sulfonyl functional group.
Surprisingly, the p-donor ability of the sulfonyl oxygens

phosphagen®.

Here, we present the results of calculations on the
electronic structure of sulfonyl and phosphonyl groups
employing natural bond orbital (NBO) analysis. The results
of these calculations suggest a highly similar bonding

has been ignored, despite the fact that in most of the systemgirrangement in these functional groups involving not only a

subject to computational scrutiny the sulfonyl oxygens are
the most potent yrdonors. Furthermore, threciprocity of

highly polarized interaction between the central phosphorus
or sulfur and its substituents but also possessing important

these interactions, that is, where the sulfonyl substituents cancontributions from reciprocalya — o*s-yz or ny: — *p-y?2
act simultaneously as hyperconjugative donors and acceptorsiiyperconjugative interactions. The reciprocal nature of these

has, by and large, been ignored.

hyperconjugative elements suggests operation of a highly

received significantly more attention than that of oxysulfur
specie$? There is considerable interest in the role of
hyperconjugation in oxyphosphorus species. A o*p_y2
(Y1 =0, CR; Y2 =H, F, Cl, CH;, Ph) interaction was

tron bonding. The effect of substituent variation on these
delocalization interactions in the sulfonyl and phosphonyl
systems has been investigated using NBO analysis.

This work also aims to redress the lack of experimental

proposed to account for bonding in phosphine oxides and Studies on bonding in hypervalent sulfur species. Three

phosphonium ylide& Denmark and co-workers proposed

structure-reactivity correlations have been constructed using

Operation of hyperconjugative interactions in phosphorus_ |OW-temperature X'ray Structural data fOI‘ Sulfate monoesters,

stabilized carbanions through a combination of theoretical
and experimental metho8%%*while Cramer and co-workers

sulfamate esters, and methanesulfonate (mesylate) esters.
These data allow comparison of experimentally and com-

have proposed that hyperconjugation plays a major role in putationa”y determined effects of substituent variation within

determination of the constitutional isomerism displayed by
five-coordinate, trigonal-bipyramidal phosphorus spetiés.

(45) Hargittai, |. The Structure of Volatile Sulfur Compounds§luwer
Academic Publishers: Dordrecht, The Netherlands, 1985; 316 pp.

(46) Hargittai, I. Structural chemistry of gaseous sulfoxides and sulfones.
In The Chemistry of Sulphones and Sulphoxiéesai, S., Rappoport,
Z., Stirling, C. J. M., Eds.; Wiley: Chichester, U.K., 1988; pp-33
53.

(47) Jennings, W. B.; Spratt, R. Chem. Soc. 197Q 1418-1419.

(48) Gais, H. J.; Hellmann, G.; Gunther, H.; Lopez, F.; Lindner, H. J.;
Braun, S.Angew. Chem., Int. Ed. Engl989 28, 1025-1028.

(49) Gais, H. J.; Hellmann, G.; Lindner, H.Angew. Chem., Int. Ed. Engl.
199Q 29, 100-103.

(50) Gais, H. J.; Hellmann, G. Am. Chem. S0d.992 114, 4439-4440.

(51) Laughlin, R. GJ. Am. Chem. S0d.967, 89, 4268-4271.

(52) Boche, GAngew. Chem., Int. EAL989 28, 277—297.

(53) Andersen, K. K.; Kociolek, M. GJ. Org. Chem1995 60, 2003
2007.

(54) Girard, Y.; Atkinson, J. G.; Rokach, J. Chem. Soc., Perkin Trans.
11979 1043-1047.

(55) Burke, P. O.; McDermott, S. D.; Hannigan, T. J.; Spillane, Wl.J.
Chem. Soc., Perkin Trans.1884 1851-1854.

(56) Wolfe, S.; Stolow, A.; Lajohn, L. ATetrahedron Lett1983 24,
4071-4074.

(57) Gais, H. J.; Lenz, D.; Raabe, Getrahedron Lett1995 36, 7437
7440.

(58) Henderson, K. W.; Kennedy, A. R.; MacDougall, D. J.; Shanks, D.
Organometallic2002 21, 606-616.

(59) Bharatam, P. V.; Amita; Senthilkumar, FPetrahedron2004 60,
4801-4805.

(60) Bharatam, P. V.; Kaur, A.; Kaur, Oretrahedron2002 58, 10335~
10339.

(61) Bharatam, P. V.; Amita, A. G.; Kaur, Detrahedror2002 58, 1759
1764.

(62) Gilheany, D. GChem. Re. 1994 94, 1339-1374.

(63) Denmark, S. E.; Cramer, C.J.0rg. Chem199Q 55, 1806-1813.

(64) Cramer, C. J.; Denmark, S. E.; Miller, P. C.; Dorow, R. L.; Swiss, K.
A.; Wilson, S. R.J. Am. Chem. S0d.994 116, 2437-2447.

(65) Cramer, C. J.; Gustafson, S. M.Am. Chem. S04993 115 9315-
9316.

(66) Cramer, C. JJ. Mol. Struct.(THEOCHEM 1996 370, 135-146.

the sulfonyl functional group. Alteration of substituent
donor—acceptor ability within these sulfonyl systems results
in changes in key geometric parameters in the X-ray
crystallographic data consistent with the conclusions drawn
from NBO analysis.

Experimental Methods

All calculations were performed using the GAUSSIAN 03
packagé? Unless specified, geometric parameters and energies are
presented at the mPW1PW91/6-311G(3df,2p) level of theory.

The natures of stationary points were confirmed by performing
frequency calculations on the optimized structures. Population
analyses were performed using the NBO’5i@odule as imple-
mented in GAUSSIAN 03 at the RHF/6-3%+3G(3df,2p) level of
theory. NRT analysis was performed as implemented in the NBO

(67) Wilke, J. J.; Weinhold, FJ. Am. Chem. So2006 128 11850
11859.

(68) Ruben, E. A.; Chapman, M. S.; Evanseck, JJDAm. Chem. Soc.
2005 127, 17789-17798.

(69) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.

Inorganic Chemistry, Vol. 46, No. 21, 2007 8873



Denehy et al.

5.0 module’}=73 The default NRT search was used and employed Table 1. Comparison of Predicted and Experimental Bond Lengths for
the full-density matrix option for NRT optimization using the Sulfur Trioxide (SQ)

“NRTFDM” keyword because of the possible formal hypervalency B3LYP/ mPW1PW91/
of the central phosphorus or sulfur atom. Optimized geometries of exptl 6-3114++G(3df,2p)  6-311++G(3df,2p)
all species investigated computationally are listed in the Supporting s—o pond 1.4198 1.4253 1.417
Information. length (A)

For the structurereactivity correlations, all compounds were  difference 5.5 2.8

synthesized according to standard literature procedérésinten- (<1072 A)

sity data were collected with a Bruker SMART Apex CCD detector  ffraction structure of dimethyl sulfoxide when the PW91
357'2%7'\31'0 gat radiation égrapdhlte .Cryf:]al monochrcgr;;@t\lﬂ)_rr: correlation functional was employed in their geometry
: )- Data were reduced using the program c optimizations®® Comparison between experimentally deter-

temperature during data collection was maintained at 130.0(2) K mined X-rav crvstal structure ide infra) and calculated
using an Oxford Cryostream cooling device. The structures were : -ray crystal structures (vide | ) u

solved by direct methods and difference Fourier synthesis. ThermalV2/U€S reveal good to excellent agreement between theory
ellipsoid plots were generated using the program ORTEP-3 and experiment. Comparison of the sulfonyl nonbridging
integrated within the WING suite of programs. bond lengths for each of the calculated species Mefy$O
For crystallographic data for the sulfonate ester series, see(Y! = CHs, NH,, O~) with the X-ray crystal data for the
Supporting Information. Experimental details and crystallization corresponding compounds with the highest parent phdfol p
data for the sulfate monoester and sulfamate ester series have beevalue (4-nitrobenzyl mesylate, ethyl sulfamate, and potassium
reported previously! methyl sulfate) reveals excellent agreement between experi-
ment and theory<0.0035 A). For the SY! bond, there is
also good agreement between the experimental and calculated
Benchmarking of Computational Methods. It has been values, respectivelyr§ ¢ = 1.7591(14) vs 1.7564 A;s
reported that for the modeling of hypervalent sulfur species, = 1.5975(14) vs 1.6159 Ais_o@niy= 1.4411(19) vs 1.4403
larger split-valence basis sets are required for adequateAd). There is weaker agreement between experimentally
agreement with experimental data; best agreement occursletermined and calculated-® bridging bond distances;
through incorporation of an f (polarization) function on however, the differences are relatively smad-6mesyiate)=
sulfur8-8 Accordingly, calculations have been performed 1.5782(10) vs 1.5887 A osutamate= 1.5694(11) vs 1.5815
using a 6-31%+G(3df,2p) basis set. Diffuse functions have A; rs ouraey = 1.6019(19) vs 1.6509 A). The poorer
been employed because of the presence of multiple lone pairagreement between the calculated and experimental values
and the formal negative charge on many of the species undeffor the sulfur-bridging oxygen bond may be ascribed to
investigation. The mPW1PW91 hybrid density functional environmental effects, especially structural changes resulting
theory has been employed because of its reported superiorityffrom electronic rearrangement to promote charge stabiliza-
in predicting accurate geometries for oxysulfur species. tion. Decreased charge stability in the gas-phase relative to
Specifically, in a series of calculations employing various the solid state should result in increased donation into the
ab initio and DFT electron correlation methods, including S—0Oyiqge antibonding orbital, resulting in a longer®pridge
MP2, QCISD(T), and various density functional methods, bond; this argument is supported by the increasing discrep-
Typke and Dakkouri found best agreement with their electron ancy between experiment and theory with increasifg Y
donor ability.
(70) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Geometry optimizations performed using the B3LYP

Bohmann, C. M.; Morales, C. M.; Weinhold, RBO 5.Q Theoretical . . .
Chemistry Institute, University of Wisconsin: Madison, Wi, 2001.  hybrid functional predict longer bond lengths than by other

Results and Discussion

(71) é‘algndening. E. D.; Weinhold, B. Comput. Chenl998 19, 593~ methods; indeed, the bond lengths of sulfur trioxide were
(72) Glendening, E. D.; Weinhold, B. Comput. Cheml998 19, 610 overestimated using B3LYP, while the use of mMPW1PW91
627. provided more acceptable agreement with the experimentally
(73) gggdfgiggbfé% Badenhoop, J. K.; Weinhold)FComput. Chem. jetermined value (Table #).Lill and co-workers have
(74) Burkhardt, G. N.; Lapworth, AJ. Chem. S0c1926 684—690. reported that geometries optimized using B3LYP tend to

(75) Lloyd, A. G.; Dodgson, K. S.; Tudball, N8iochim. Biophys. Acta  provide higher estimates &2) values relative to geometries
1961, 52, 413-419.

(76) Appel, R.; Berger, GChem. Ber1958 91, 1339-1341. optimized using different density functional meth&gs,

(77 Ookada,OM.; Iwashita, S.; Koizumi, Nletrahedron Lett200Q 41, indicating either a relative overestimation of the donor orbital
7047-7051. i inati

(78) Yamada, K.. Kurokawa, T.: Tokuyama, H. Fukuyama,JTAm. energy or, more likely, an underestimation of the acceptor

Chem. S0c2003 125 6630-6631. orbital energy. These data indicate that caution should be

(79) Lo, Y. S.;Nolan, J. C.; Shamblee, D. A., Sulfamates as antiglaucoma i i i i
agents. U.S. Patent 5,102 785, 1093, exercised with the use of B3LYP in geometry calculations

(80) SMART, SAINT, SADABSiemens Analytical X-ray Instruments, ~ Of Species wherec*-orbital occupancy is expected to

Inc.: Madison, WI, 1999. contribute significantly to bonding, such as those under
(81) Farrugia, L. JJ. Appl. Crystallogr.1997, 30, 565. . tigati h
(82) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837-838. Investigation here.
(83) Arnaud, R.; Juvin, P.; Vallee, Y. Org. Chem.1999 64, 8880—
8886. (86) Typke, V.; Dakkouri, MJ. Mol. Struct.2001, 599 177—-193.
(84) Ruttink, P. J. A.; Burgers, P. C.; Francis, J. T.; Terlouw, J1.K2hys. (87) Brassington, N. J.; Edwards, H. G. M.; Farwell, D. W.; Long, D. A;;
Chem.1996 100, 9694-9697. Mansour, H. RJ. Raman Spectros¢978 7, 154-157.
(85) Lee, I.; Kim, C. K,; Li, H. G.; Sohn, C. K.; Lee, H. W.; Lee, B. &. (88) Lill, S. O. N.; Rauhut, G.; Anders, Ehem—Eur. J.2003 9, 3143~
Am. Chem. So00Q 122, 11162-11172. 3153.
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Electronic Structure of the Sulfonyl and Phosphonyl Table 2. Natural Atomic Charges on Selected Sulfonyl and Phosphonyl
Functional Groups: NBO/NRT Analysis. NBO analysis ~ SPecies, (MeOP&Y")~ and MeOSQY*
provides a powerful means for describing electronic struc- (MeOPQY?)~ MeOSQY*
tures in terms that readily translate into the lexicon used by v: P Obigge Ononbridge Y1 S Qbidge Ononbridge  Y*
chemists to describe electron densfy?! Briefly, NBO OH +2.75 —093 —128 -1.06 4283 —081 —1.0F —-091

analysis involves the optimal transformation of a given O~ +274 -094 -1.35 -1.34 +2.82 —-0.83 —-1.11 -1.10
N-electron wavefunction in terms of a setl#f2 localized ~ NH. +2.69 -094 -127 -121 +275 -083 -1.03 -107
: : +2.65 —0.94 —1.3# —155 +2.70 —0.85 —1.18 -1.29

one-center (corresponding to lone pair) and two-center oy, 1,56 —0.94 —128 -092 +2.59 —0.83 —1.04 —0.75
(corresponding to bonding electron pair) elements. ThesecH,” +252 —0.95 —1.33 -1.43 +253 —0.85 —1.10 -1.14
elemems are repre_sented b_y the h_lghly OCCUP'ed diagonal aThe nonbridging oxygens in these systems are not symmetrically
entries of the resulting density matrix and provide a molec- equivalent; each nonbridging oxygen possesses a slightly different atomic
ular description that closely mirrors the Lewis structure charge p(atomic charge)< 0.02]. The values reported are the average of
depiction. Departures from a strictly localized, Lewis-type atomic charges on the nonbridging oxygens.
structure are represented by nonzero off-diagonal elements
of the density matrix, corresponding to antibonding and  As recently highlighted by Wilke and Weinhotd,the
Rydberg orbitals; occupancy of such orbitals is accompanied Pimentet-Rundle 3-center, 4-electron bonding scheme de-
by a reduction in the occupancy of the strictly localized scribes bonding in the hypervalent species¥-Z as
orbitals. Thus, the increasing magnitude of off-diagonal possessing two resonance contributorst X*—Z and
elements may be viewed as increasing contributions of they—X* z~. This formulation incorporates partial ionic
orbitals described by the off-diagonals to the equilibrium character to describe the bonding within these species and
structure. allows description within an s/p-valence framework without

The stabilization afforded by delocalization interactions the need to invoke octet expansion. Wilke and Weinhold
may be quantitatively estimated by two methods: second- have noted that the 3-center, 4-electron bonding scheme is
order perturbation analysis and deletion anal{%8.The well described by the NBO framework, with the two
second-order perturbation analysis approach, employed heresesonance contributions “YX*—Z and Y—X* Z~ being

is described in equatiori) described by reciprocal,—m¢* hyperconjugative, doner
5 acceptor interactions. Anyn— o¢*x—_z hyperconjugative
E(2) = —Ngoner ﬁ 1) interaction, describing donation of electron density from a

valence lone pair on Y into the*-antibonding orbital of
the X—Z bond, results in strengthening of the-X bond
and a reduction in electron density between atoms X and Z.
This ny — o*x—_z interaction is therefore representative of
the Y—X* Z~ resonance form. The reciprocal > o*x—v
interaction describes the ' YX*—Z resonance form.

The geometries of a series of simple modeldg®,Y?
(89) Weinhold, F. Natural bond orbital methods. Encyclopedia of and (Y'PQ,Y?), respectively; Y, Y?= donor and/or accep-

Computational Chiemistnon Rague Schieyer, Pbb'fl%g‘ig” Wiley  tor] were optimized without imposing symmetry constraints
(90) Weinhold, F.NBO 5.0 Program Manual Theoretical Chemistry at the mPW1PW91/6-311+G(3df,2p) level of theory. The

msgtute a\?vcll gggfﬂment of Chemistry, University of Wisconsin: electronic structures of these models was then analyzed using
adison, WI, . .
(91) Jensen, HAntroduction to Computational Chemistryohn Wiley & natural bond order (NBO) anaIySIS atthe RHF/6-—3'3HG-
Sons, Ltd.: Chichester, U.K., 1999; pp 23P32. (3df,2p) level of theory. Evidence for the operation of a
(92) During the preparation of this manuscript it was drawn to the authors’ R; ; ;
attention that caution should be exercised with basis set augmentationhlgJhly POIa”ZEd bonglng arrangement_ of the general form
using diffuse functions in deletion analysis because of potential effects X =Y~ (X = P or S; Y = substituent) in phosphonyl and
on the valence space of remote atoms (see Goodman, L.; Sauers, Rsulfonyl systems is provided by examination of predicted

R. J. Comput. Chem2007, 28, 269-275). Preliminary tests using . .
several different of the example molecules showed slightly lower fOrmal atomic charges. Table 2 shows the formal atomic

occupation of d-orbitals upon removal of diffuse functions from basis charges of the methyl phosphate dianion (MeGPDand

sets employed in this study. Despite this, the calcul&@) values ;

appear relatively independent of whether diffuse functions are ,the methyl SL,“fate monoanion (MeO$Q. The central atom .

employed. in both species bears a large formal positive charge, while
(93) Deletion analysis involves deletion of the off-diagonal element the substituents on the central atom bear substantial negative

describing the interaction between the relevant orbitals, followed by h The similari f ch h | in th
a single-pass (SCF) energy re-evaluation. The difference between theCharge. The similarity of charge on the central atom in the

original and re-evaluated energidsse, provides an estimate of the  two structures is striking despite methyl phosphate bearing

stabilization energy afforded to the structure by the relevant orbital _ :
interaction. There is general agreement betwe@) andEge values a formal—2 charge and methyl sulfate bea”_ng a forma]_
when single orbital interactions are being evaluated. However, when charge. Instead, most of the excess negative charge in the

the effects of multiple delocalization interactions are under simulta- methyl phosphate dianion is localized on the nonbridging
neous investigation, as they are he€?) andEge values may not '

display adequate agreement. Because of higher-order coupling effects, Phosphonyl” oxygens. The same relationship is evident upon
summation of£(2) values for each individual orbital interaction may comparison of the remaining sulfonyl species with the

not necessarily correspond to B value calculated by simultaneous :
deletion of several interaction elements. Consequently, for the sake correspondlng phosphonyl anaIOQS' In the case of the

of consistency onl\E(2) values are presented here. phosphorus species, our calculations are complementary to

where E(2) is the second-order perturbation energy,
corresponds to the matrix element between the orhitahsl

J» AE = €acceptor — €donos describing the energy difference
between the acceptor and donor NBOs, amghor is the
population of the donor orbital.
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Table 3. Selected NBO Data for Methyl Phosphate and Methyl
Sulfatet

polarization
toward O
NBO occupancy  hy° % %p° % (%)
MeOSQG~
S—Obridge 1.98 sp4d®4 17.6 78.0 4.2 75
S—Oronbridgegnti) 1.99 sp4d®t 28.0 68.9 3.0 68
S'Ononbridgesm 1.99 Sﬁ'%do‘ll 27.2 695 3.1 68
LP(1)—Opridge 1.97 spid 46.9 529 0.2 na
LP(2)—Obridge 1.95 p 0.0 99.8 0.2 na
LP(1)—Ononbridgesnt) 1.98 sg4t 70.7 29.2 0.1 na
LP(Z)_Ononbridge(intD 1.87 P 0.0 995 05 na
LP(3)~Ononpridgegnty 184 p 0.0 994 0.6 na
(S—Obridge* 0.26 sg4d®?4 17.6 78.0 4.2 25
(S—Ononbridgeant)) 0.12 sp4dott 28.0 68.9 3.0 32
(S_Ononbridge$yrj)* 0.13 Sl?'%do'11 27.2 695 3.1 32
MeOPQZ

P—Obridge 1.97 sgod®? 17.1 79.0 3.7 85
P_Ononhndgeami) 1.99 S[B'AQdo'l 28.4 68.6 2.9 77
Pfononbndgesyr) 1.99 Sﬁ'sﬂo'll 27.3 695 3.1 77
LP(1)—Opridge 1.97 sp33 428 57.0 0.1 na
LP(2)—Opriage 1.94 p 0.0 999 0.1 na
LP(1)—Ononbridgegnt) 1.98 s@6t 62.2 37.7 0.1 na
LP(2)—Ononbridgeanty 1.91 p 0.0 99.6 04 na
LP(3)~Ononbridgegnty ~ 1.89 p 0.0 996 0.4 na
(P—Obridge™ 0.21 spd®?? 17.1 79.0 3.7 15
(P—Ononbridgesnt)) 0.10 s+t 28.4 68.6 2.9 23
(P_Ononbridge$yrj)* 0.10 S[?'sﬁo‘ll 27.3 695 3.1 23

aThe number in brackets following the atom designation denotes the
specific lone pair participating in the interactiohValues are presented
for the central atom in bonding and antibonding NBOs and for the relevant
atom for lone pair NBOs.

(

3

onbridge-anti)

.~ (bridge)
X0l

& CHj
(nonbridge-syn1)

o, O

(nonbridge-syn2

-~

Figure 2. Naming system for methyl phosphate £<P) and methyl sulfate
(X = S). Note that the nonbridgirgyroxygens are equivalent by symmetry.

those of Rajca et &' and Horn and Ahlrich® for meta-
phosphate ion where significant ionicity of bonds resulting
in substantial formal charge on P and O were noted.
NBO calculations predict that the valence framework of
the sulfonyl and phosphonyl functional groups is highly

Denehy et al.

The precise nature of the delocalization interactions of the
terminal oxygen p-type lone pairs is apparent through
examination of the second-order perturbation estimates
(Table 4). Each nonbridging oxygen participates in three key
donor interactions: one involves donation into the antibond-
ing orbital of the central atom-bridging oxygen bond, and
the other two interactions involve donation into the anti-
bonding orbitals of the each of the central atetarminal
oxygen bonds. The strongest donor interaction of the terminal
oxygens involves donation into the antibonding orbital of
the sulfur-bridging oxygen bond. Because each of the
terminal oxygens donates strongly into this orbital, this
0*so(ridge) Orbital represents the principal acceptor for
methyl sulfate; the data in Table 3 shows that the population
of this acceptor orbital is approximately double the other
acceptor orbitals. The two remaining donor interactions
involve donation from one nonbridging oxygen into the
antibonding orbital of each of the other central atom
nonbridging oxygen bonds. These data establish a reciprocal
donor—acceptor interaction between the terminal oxygens,
where the oxygen lone pairs act as donors, while simulta-
neously the central atorterminal oxygeno*-orbital acts
as an acceptor. Such reciprocal interactions extend to the
bridging oxygen; however, donation from the bridging
oxygen is only weak.

Role of d-Orbital Participation in Bonding. The par-
ticipation of d-orbitals in the bonding of the sulfonyl and
phosphonyl functional groups appears, at best, very limited
(Table 3). Minor d-character(5%) is observed for bonding
interactions between the central sulfur atom and its substit-
uents in the sulfonyl series; d-orbital character in the
phosphorus series is smaller still. The natural atomic orbital
(NAO) estimate of the total d-orbital occupancy of the central
sulfur atom of methyl sulfate amounts to 0.2e, indicating
only relatively minor d-orbital participation. Furthermore,
the calculated atomic charges described above, with signifi-
cant positive charge on the central sulfur or phosphorus, are
inconsistent with significant d-orbital participation, which
should be associated with an increase in electron density at

polarized and suggests the operation of substantial delocalthe central atom.

ization interactions. In methyl sulfate, bonding between the

An alternative method of investigating d-orbital participa-

central atom and its terminal oxygen substituents displaystion in bonding is to study the effects of d-orbital exclusion

hybridization intermediate between that of ad-snd sp-
hybridized bond (Table 3), with the bonding interactions

from basis sets on the optimized geometry. Structures of
methyl sulfate and methyl phosphate optimized at the

being highly pplarized toward the oxygen substituents (Figure mPW1PW91/6-31++G level of theory possessed longer
2). The nonbridging oxygens of methyl sulfate each possesspredicted bonds between the central atom and its oxygen

three valence lone pairs. One-8ph lone pair is essentially
localized on oxygen, and does not participate significantly
in any delocalization interactions; this is supported by the

absence of any significant donor interactions of this lone pair.

The two remaining lone pairs on the nonbridging oxygens

substituents relative to geometry optimizations performed at
the mPW1PW91/6-31t+G(3df,2p) level of theory (Table

5). Second-order perturbation analysis on these structures
indicates that exclusion of d-orbitals in the basis set used
for geometry optimization also results in a relative reduction

possess almost exclusive p-character. The occupancy of thesgy the estimated strength of delocalization interactions; a

p-type orbitals is reduced relative to the sp-rich orbital,
presumably through participation of these lone pairs in
delocalization interactions.

(94) Rajca, A.; Rice, J. E.; Streitweiser, A., Jr.; Schaefer, H. F.JIIAm.
Chem. Soc1987 109, 4189-4192.
(95) Horn, H.; Ahlrichs, RJ. Am. Chem. Sod.99Q 112 2121-2124.
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decrease in the strength of these interactions is associated
with increased bond lengths. Consequently, the observed
bond elongation may be an artifact of loss of delocalization
interactions within the s/p framework caused by the loss of
the polarization function capacity of d-orbital inclusion, rather
than by loss of d-orbital occupancy.



Sulfonyl and Phosphonyl Group Electronic Structure

Table 4. E(2) Values for Major DonotrAcceptor Interactions in Methyl Phosphate and Methyl Sulfate

MeOSQ~ (X =S)

MeOP@? (X = P)

acceptor orbital E(2) AE E(2) AE

donor orbitat (X = central atom) (kcal mof1) (au) Fij (kcal mol1) (au) Fij
No(bridge)(1) U*Xfo(nonbridg&amb 2.2 1.53 0.053 1.6 1.53 0.045
No (bridge)(2) U*Xfo(nonbridgasynl) 59 1.17 0.076 4.5 1.19 0.066
No (bridge)(2) U*Xfo(nonbridgasyrﬂ) 5.7 1.17 0.074 4.5 1.19 0.066
No(nonbridge-anti)(2) 0™ Xx—0(nonbridge-syrt) 22.2 1.07 0.138 17.7 1.08 0.124
No(nonbridge-anti)(2) 0* X—0(nonbridge-syre) 22.1 1.07 0.138 17.7 1.08 0.124
No(nonbridge-anti)(3) 0* x—0(bridge) 36.0 0.78 0.153 29.4 0.84 0.143
No(nonbridge-syn1(2) O‘*Xfo(nonbridgeami) 18.4 1.09 0.126 14.7 11 0.113
No(nonbridge-synd(2) 0% X—0(nonbridge-syr2) 23.7 1.08 0.143 19.1 1.09 0.129
No(nonbridge-synd(3) 0% x—0(bridge) 38.1 0.78 0.158 30.7 0.84 0.147
No(nonbridge-syn2(2) 0 X—0(nonbridge-anti) 18.3 1.09 0.126 14.7 1.1 0.113
No(nonbridge-syn2(2) 0% X—0(nonbridge-syrt) 23.7 1.08 0.143 19.1 1.09 0.129

(t (

No(nonbridge-syn2(3) 0% x—0(bridge) 38.2 0.78 0.158 30.7 0.84 0.147

aSee Figure 2 for nomenclature details.

Table 5. Comparison of Selected Predicted Bond Lengths Optimized

given to various “double-bond, no-bond” resonance forms
with and without Inclusion of d-Orbitals

indicate hyperconjugation plays a significant role in bonding

mPW1PW91/ mPW1PW91/ in methyl phosphate and methyl sulfate. If bonding in methyl

6-311++G(3df,2p) 6314 +6G sulfate and methyl phosphate was solely mrcenter,

MeOSQ™ n-electron arrangement, the weighting of the double-bond,
S—Obridge (A) 1.651 1.866 .
S—Oranrsgetn (A) 1440 1616 no-bond resonance forms should be greater, possibly to the
S—Ononbridgegyy (A) 1.449 1.628 point where the double-bond, no-bond resonance forms

MeOPQ2- would represent reference structures. Further evidence against
P—Obrigge (A) 1.743 1.873 a pure mcenter n-electron bonding arrangement is the
P—Ononbridgegni) (A) 1512 1.619 predicted occupancy of the lone pairs participating in this
P_Ononbridge(syn{A) 1.521 1.632

interaction (Table 3), which are higher than would be

. . o . ... expected for fully delocalized lone pairs.

Further evidence against significant d-orbital participation L
is provided by natural resonance theory (NRT) analysis. NRT ' aken together, the NBO and NRT descriptions of the
analysis provides a means for the description of the total 20Nding arrangement in sulfonyl and phosphonyl systems
electron density of a given system in terms of a series of SUg9est that they share a common bonding framework
idealized resonance forris”® Each resonance form is given composed qf highly pplanzed interactions between the central
a weighting, reflecting its relative contribution to the total gtom apd its substituents of th.e form*XYT. These
electron density. For methyl sulfate, the major resonance interactions are gugmented by a highly delocal_lzed 5-center,
contributor identified by NRT was the “polar” valence &-€lectron bonding network composed of reciprocatn
electron depiction, where a single bond connects each of the?*-Y* hyperconjugative interactions. This bonding arrange-
substituents to the central sulfur, with three lone pairs MeNt is composed of multiple 3-center, 4-electron-type
localized on each of the terminal, nonbridging oxygens (Chart Interactions, each of which operates between an oxygen atom,
1). Resonance forms involving “double-bond, no-bong” the central sulfur or phosphorus atom, and any other
interactions between the terminal oxygens contribute sub- Substituent. The proposed bonding model extends the rela-
stantially to the overall electronic structure as do double- fively simple bonding model of previous studfeg;©:63¢68
bond, no-bond resonance forms arising from donation by the NVoIving operation of individual §— o*x-y hyperconju-
terminal oxygens into the antibonding orbital of the central 9ative interactions, and does not require d-orbital participa-
atom—bridging oxygen bond. The weightings apportioned tion to rationalize bonding in sulfonyl and phosphonyl
to the two different double-bond, no-bond resonance forms Systéms. Finally, it should be noted timaicenter n-electron
in methyl sulfate supports significant delocalization interac- Ponding without recourse to valence expansion beyond eight
tions this species. Notably, contributions from structures €lectrons at sulfur been proposed in hypervalent sulfur
where the central sulfur possessed formal hypervalency werediimide and triimide specie¥.
not given any weighting in the analysis. Differences between Bonding in the Sulfonyl and

Summary of NBO/NRT Analysis of Bonding in Sulfo- Phosphonyl Functional Groups.The eye-catching biologi-
nyl and Phosphonyl SystemsThe results of NRT analysis  cal and chemical similarities between sulfonyl and phos-
provide insight into the relative contributions of polarized phonyl groups encouraged us to compare their electronic
X*T—=Y~-type interactions andyn— o*x_y hyperconjugative  structures in more detail. The phosphonyl systems participate
interactions to bonding in sulfonyl and phosphonyl species. in donor-acceptor interactions to a substantially smaller
Identification of the polar resonance structure as the referencedegree than their sulfur analogs, as evidenced by reduced
structure in both of these species suggests bonding isE(2) values, reduced occupancy of the relevant antibonding
predominately of the form X—Y ~; however, the weightings  orbitals, and increased localization of donor lone pairs on
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Chart 1. NRT Summary of Methyl Sulfate and Methyl Phosphate [RHF/6-8+G(3df,2p)]

Ho0e B ORL W WD H o
HC-Gx-fr HoOT07X0 G0 X0 e ooy W G0 XD
H O H O H o3 H O H HoX
reference
Structure
MeOSO;~ 59.2% 22.0%“ 14.1%° 4.7%“ 0.0%
(X=5S)
% weighting
MeOPO;* 67.6% 16.7%“ 11.1%7 3.7%7 1.0%
(X=P)
% weighting

aThe percentage value quoted is the sum of all resonance contributors of this general formulation.

oxygen (Tables 3 and 4). Furthermore, the valence bondingaction in the phosphonyl system relative to the sulfonyl
interactions between oxygen and phosphorus are substantiallgystem. These data suggest a more polarized bonding
more polarized toward oxygen than the equivalent bonds arrangement with greater ionic or closed-shell interaction in
in the sulfonyl systems (Table 3). Such differences in the phosphonyl systems and with shared deramceptor
bonding most likely have their origin in the larger electrone- interactions making a smaller contribution to the equilibrium

gativity difference between phosphorus and oxyge(EN) electronic structure than for the corresponding sulfonyl
= 1.4), compared to that between sulfur and oxygan (  analogs.
(EN) = 1.0). The bonding model proposed here is consistent with

Comparison of selected second-order perturbation param-complementary studies using either an atoms-in-molecules
eters provides insight into reduced donracceptor interac-  (AIM) or electron localization function (ELF) approach.
tions in the phosphonyl systems relative to the sulfonyl Chesnut and Quin, using an AIM approach, have proposed
systems (Table 4). The strength of hyperconjugative interac-an essentially identical bonding scheme for sulfonyl systems
tions is influenced by the difference in energy between the to that presented here, where “backbonding” interactions
participating orbitals and their relative spatial orientation. (corresponding to doneracceptor interactions) contribute
For strong interaction, the energy difference between the @ significant proportion (some 40%) of-® bond ordef®
participating orbitals should be minimal (reflected in a small Similarly, the differences in phosphoryl and sulfuryl bonding
AE value in second-order perturbation analysis), while spatial &re evident in an AIM and ELF study performed by Boily
overlap of the two orbitals should be maximized (reflected on bonding in XQ anions (X= Si, P, S, Cl, Ge, As, Se,
in a large F;; value). The acceptor interactions of the Br).*” Boily proposed that, with few exceptions, the-X
phosphony| nonbridging oxygen bonds d|Sp|ay essentia”y bonding interaction in XQanionS is intermediate between
the sameAE value as the corresponding interactions in & shared (covalent) interaction and closed-shell (ionic)
the sulfonyl system; however, the orbital overlap element interaction, with greater closed-shell character correlated to
F, is reduced in every case. Because the predicted bond@n increasing electronegativity difference between X and O.
lengths in methyl phosphate are longer than the correspond-ThiS trend is consistent with that observed here, where
ing bond lengths in methyl sulfate (Table 5), this suggests bonding interactions in the phosphonyl systems are more
that the relative reduction iff;; arises because participat- Polarized toward oxygen and participate to a lesser extent
ing orbitals cannot overlap as efficiently because of increasedin donor-acceptor interactions, relative to the sulfonyl
spatial separation. This increased spatial separation probablyyStem.
arises as a consequence of increased electrostatic re- Trends in Donor—Acceptor Interactions and Implica-
pulsion between the nonbridging oxygens in phosphate, tions for the Electronic and Geometric Structures of the
relative to sulfate. ThAE value in sulfonyl or phosphonyl ~ Sulfonyl and Phosphonyl Moieties.We next sought to
systems is essentially the same for these interactions,investigate the effect of substituent variation upon the
but the energy of both the donor and acceptor orbitals in €lectronic structure of the sulfonyl and phosphonyl groups.
methyl phosphate are increased relative to the corres-Substituent variation should result in changes in both the
ponding orbitals in methyl sulfate. In contrast to the central hature of the polar interactions and the donacceptor
atom-nonbridging oxygen bonds, the acceptor interactions interactions. However, because the hyperconjugative com-
of the bridging atom-oxygen bond show both an increase .
in AE and a decrease i, indicating that both energetic ~ °®) %‘;S”“t’ D. B.; Quin, L. DJ. Comput. Chem2004 25, 734~
and spatial factors are responsible for the reduced inter-(97) Boily, J. F.J. Phys. Chem. 2002 106, 4718-4724.
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Table 6. S—Y! Bond Polarization within MeOS£Y! (Y1 = OH, NH, 0* c—y acceptor ability increased across a pefibdlabugin
CHs, O7, NH, CHy) and Zeidan observed that c_y-orbitals display polarization
% polarization toward ¥in Y1—X inverse to that of their correspondingbonding orbitals.
yi neutral form conjugate base Consequently, increased—Q bond polarization, arising
on 13 67.9 from a greater electronegativity difference between C and
NH, 64.4 50.8 Y, is associated with an increasetlc_y-orbital coefficient
CHs 52.3 49.6 on C, facilitating more facile ¢ — o*c—v2 overlap; this

enhanced interaction is ultimately reflected in increasgd
ponent of bonding is a delocalized form of bonding, it is Vvalues.
reasonable to anticipate that it will be more susceptible to  In the same study, Alabugin and Zeidan investigated
remote substituent effects than the polarized component ofacceptor ability within a group and found that predicted
bonding. To test the relative effects of substituent variation ¢*_v-acceptor ability increased down a group, despite a
on the polar versus the hyperconjugative component of decrease in the electronegativity of Y. These workers
bonding, the effect of deprotonation of the model series observed that, while the matrix overlap elemént was
MeOSQY! (Y1 = OH, NH,, CHs) was examined. Depro-  roughly proportional to electronegativity for all the studied
tonation results in increased charge localization oh Y speciesAE was the term critical in determining the relative
which is anticipated to cause opposing electronic effects acceptor ability within a group. For all the phosphorus
within the polar and hyperconjugative frameworks. Increased systems, the observed trend in acceptor abilitg*is-¢ <
charge localization on ¥ should cause an increase in o¢*p_¢ < o*p_g;, coOnsistent with the trend observed by
bond polarization if polar effects dominate, resulting from Alabugin and Zeidan. The same trend is also observed in
an increase in the closed shell or ionic nature of the bond- the predicted™* s_na acceptor ability for the (S€Y?)~ series.
ing interaction. However, if hyperconjugative effects domi- In both cases, the relative p_pa- Or 0* s—nq-acceptor ability
nate, a decrease in bond polarization is expected because af determined by thé\E term and not thd~;; term (Table
increased donation of the extra electron density into the 9).
hyperconjugative framework. Examination of the bond |n the NH,SO,Y2 and CHSO,Y? series, the relative
polarization between S and'Y(Table 6) shows that in  g*4 ., acceptor ability remains consistent with the series
each case deprotonation is associated with a decrease igjescribed above for bromine and chlorine, but the ¢
S—Y* bond polarization, consistent with a relatively greater acceptor ability displays anomalous behavior (Table 7). In
change within the doneracceptor framework than in local-  the NH,SO,Y2 series, the relative* sy acceptor ability is
ized, polar interaction. Table 7 presents the sunt() similar for the three halogens Yd(2) ~ 7 kcal mot?);
donor and acceptor estimates for several sulfonyl and consequently, small changes in either Fgor the AE terms
phosphonyl systems. These systems possess substituents thafters the relative ordering of s_pa-acceptor ability. In this
vary in their donor ando*-acceptor ability, allowing  serjes, the unfavorable increase Aff associated with an
investigation of changes to the global electronic structure of jncrease in electronegativity between Br and F is compen-
the sulfonyl and phosphonyl groups caused by substituentsated for by a relatively larger favorable increaseFin

variation. resulting in slightly strongei*s_wa-acceptor ability for
Trends in Predicted o*-Acceptor Ability. Predicted  fluorine relative to either bromine or chlorine (Table 9). In

0*s-y2 ando*py2 acceptor ability in YSO,Y2 and (YPQ,Y?)" the CHSO,Y? series, the predicted*s ¢ acceptor ability

increases with alteration of the identity of Yrom left to orbital is exceedingly poor because of the high estimated

rlght across the first row (X(Z CHs, NH,, OH, F; Table 7) energy of this orbital E(O*S—F) = 0.73 au; Cf-yE(U*S—Br) =
This increase parallels the increasing electronegativity’of Y .06 au andE(o*s_¢) = 0.11 au]. Taken with the data from
and increasing XY? bond polarity (consistent with an  the (SQY?)~ and (PQY?)?" series, this suggests that the
increase in the polarization coefficient of the antibonding s*-acceptor orbital energies within the sulfonyl series are

orbital on the central atom). For instance, in the {$&" more susceptible to substituent effects than in the phosphonyl
series, the predicted*s-v2 acceptor ability is Y= CHs systems, especially with respect to sufffiuorine interac-
(CE(2) = 73.5 kcal mot?) < NHz (JE(2) = 93.6 kcal tions.

mol™) < OH (3E(2) = 113.3 kcal mot?) < F (FE(2) = Implications of Increased Acceptor Ability on Structure

139 kcal mot?), and in the (P@Y?)?" series, the predicted

- and Reactivity. The presence of a stromg-acceptor within
o*p_y2 acceptor ability is ¥ = CH; (JE(2) = 66.5 kcal

the systems under investigation results in enhanced donor
mol™) < NH, (3E(2) = 78.9 kcal mot) < OH (3E(2) = acceptor hyperconjugative interactions. Figure 3 shows a plot
87.8 kcal mot?). In the (SQY?)" series, enhanced™ .t the sum of the predicted*-acceptor interactions of ¥
acceptor ability arises as a result of a modest decrease iny§ the total predictedgdonor interactions of the non-
the AE term coupled with a more dramatic increase in the bridging oxygens (¥ = halogen, CH, NH,, OH). This plot

F, term, while in the (P@¥ )" series, enhanced interactions - ghq\ys 3 strong correlation between these parameters and
arise exclusively from changes to thg term (Table 8). Our g ,gqests that improvements in acceptor ability result in
findings are consistent with those of Alabugin and Zeidan

in their systematic study of the*-acceptor ability of C-Y (98) Alabugin, I. V.: Zeidan, T. AJ. Am. Chem. So2002 124, 3175~
bonds in acyclic substituted ethanes, where the predicted = 3185.
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Table 7. Sum of Selected DonerAcceptor InteractionsyE(2)] for Substituents in ¥SO;Y2 and (Y'PQY?)~ (All Values in kcal mot?)2

(SG:Y?3)~ CH3SO,Y?2
Yi=0" Y?2 Ononbridge(av) Y!= NHs Y2 Ononbridge(av)

Y2 donor acceptor donor acceptor donor acceptor 2 Y donor acceptor donor acceptor donor acceptor
F 101.3 60.6 17.4 139.5 101.4 60.9 F 9.0 48.1 41.1 0.6 51.7 52.4
Cl 107.8 58.6 7.3 154.7 107.9 58.9 Cl 8.8 54.2 13.9 107.9 112.4 42.8
Br 112.2 57.8 5.1 168.7 112.3 57.7 Br 9.2 52.6 10.2 110.7 113.2 413
CHs 81.5 58.6 4.8 73.5 81.5 58.6 OH 6.7 42.7 17.8 68.9 78.7 35.2
NH. 87.1 62.2 12.0 93.6 87.6 59.2 H 6.8 53.0 na 69.5 94.7 36.8
OH 93.7 59.2 16.8 113.3 92.9 61.9
H 84.5 56.4 nd 84.7 84.7 56.4

(POY?®)2 b (CHsPGY2)~
Y1=0" Y? Ononbridge(av) Y= NH3 Y? Ononbridge(aV)

Y? donor acceptor donor acceptor donor acceptor 2 Y donor acceptor donor acceptor donor acceptor
CHs 67.9 46.5 2.3 66.5 67.9 46.5 F 43 54.1 21.9 80.7 90.8 36.5
NH; 70.4 49.3 8.0 78.9 71.7 46.8 Cl 6.0 51.1 11.1 92.7 97.4 34.0
OHd 74.2 46.9 13.6 87.8 72.8 49.3 Br 6.7 49.3 7.7 103.4 101.6 325
H 69.1 44.6 na 73.4 69.1 44.6 OH 43 51.9 19.0 72.6 87.6 37.0

H 3.9 49.9 na 59.4 82.1 29.5
NH,SO,Y % (MeOPQY?YH)~
Y1=NH, Y2 Ononbridge(aV) \& Y2=OMe qunbridge(av)

Y? donor  acceptor donor  acceptor donor acceptor ! Y donor acceptor donor  acceptor donor acceptor
F 27.9 735 243 121.4 117.3 45.9 eH 45 52.5 19.2 73.4 88.8 37.7
Cl 28.9 72.3 15.3 114.5 116.0 44.8 eH 326 37.6 10.7 91.1 77.9 35.1
Br 295 70.5 11.4 116.0 116.2 43.3 NH  15.2 62.1 19.7 78.1 91.4 38.8
CHs 21.0 72.4 7.0 63.1 96.5 42.7 NH 446 43.0 11.4 94.4 77.6
OH 23.6 70.0 22.1 100.3 109.8 47.5 (76.0) (35.7)
H 23.2 68.0 na 73.8 99.7 40.4 OH 23.3 70.0 215 76.7 94.1 40.7

(90.9y (42.4y
o 75.7 45.6 12.2 90.7 74.7 50.5
(NHPO,Y?)~ MeOSQY?
Yl= NH2 Y2 Ononbridge(aV) Yt Y2=OMe anbridge(av)

Y2 donor  acceptor donor acceptor donor acceptor ! Y donor acceptor donor  acceptor donor acceptor
F 16.9 64.4 233 87.6 93.1 37.3 GH 7.4 56.5 23.0 86.4 102.6 46.4
Cl 20.3 61.1 10.4 100.0 99.1 34.4 eH 64.1 37.9 11.7 126.7 89.3 44.9
Br 22.2 55.3 7.9 1111 102.8 32.8 NH 224 66.8 20.8 95.9 108.1 48.3
CHs 135 61.9 4.0 56.7 83.4 32.9 NH 781 48.8 13.8 1215 92.7 48.3
OHd 15.4 61.0 19.1 78.3 90.4 38.0 (91.1) (57.1)
H 14.0 62.2 na 59.0 84.9 31.3 OH 27.2 87.1 26.9 92.8 115.0 49.6

(112.6) (52.2)
(on 93.5 56.8 15.8 113.4 93.2 62.7

aThe NBO default cutoff of 0.5 kcal mol was employed in these calculatioisThe halogen analogs were unable to be optimized for this analysis
because of the unimolecular decomposition of these species during attempts at their geometry optifiZatatata represents one conformer about the
N—S or N—P bond; the other conformer, in which the nitrogen lone pasyisto the substituents on the central atom, possesses laweomor ability
because of poorer overlap with the antibonding orbital of theYXbond. 9 The optimized geometries of this series possess a single imaginary frequency
related to X-OH rotation; however, for the sake of comparative purposes, this structure was chosen as the reference Stituetnoabridging oxygens
in these species showed asymmetry with respect to donor and acceptor ability because of the asymmetiysobttiéuént; consequently, values for both

nonbridging oxygens are presented.

Table 8. SelectedE(2) Parameters for (S99~ and (PQY?)2~

(SG;Y3)~ (POyY2)%
acceptor orbital acceptor orbital
0*5-y? 0% p_y?

E(2) AE E(2) AE
donor orbital ¥ (kcalmof?l) (au) Fj; (kcal moll) (au) F

No(nonbridge-anty3) CHa 23.8 0.81 0.125 22.2 0.83 0.123
No(nonbridge-anty3) NH2 32.3 0.80 0.146 26.7 0.84 0.136
No(nonbridge-anti)(3) OH 36.7 0.77 0.154 28.9 0.84 0.142

(X = P or S) bond length, and a contraction of thé-Y
X—0 bond angle (Table 10). The structural changes de-
scribed above are consistent with those encountered with
movement along a reaction coordinate involving unimolecu-
lar decomposition of these species; attempts to optimize the
geometry of the P&y, species, which are expected to
exhibit strong hyperconjugative doreacceptor interactions,
resulted in unimolecular elimination of the halogen to gen-

greater contributions of hyperconjugation to bonding. En- €rate monomeric metaphosphate. Additionally, unimolecular

hanced hyperconjugative interactions are manifested

aselimination was also observed when attempting to optimize

changes in their geometric and electronic structures, includingthe geometry of the conjugate base species of trifluoromethyl
a decrease in the formal charge on the sulfonyl and mesylate and trifluoromethyl sulfamate. These results suggest

phosphonyl nonbridging oxygens, a decrease in theDX
8880 Inorganic Chemistry, Vol. 46, No. 21, 2007
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Table 9. SelectedE(2) Values for ¥ = Hal Table 11. Selected Individual Donor Interactions for MeOSG and
- (MeOPQYY)~
Y1iSQY? (YIPORY?)
donor orbital= donor orbital= MeOSQY! (MeOPQY 1)~
No(nonbridge-syri)(3) NOnonbridge-syrt)(3) acc*eptor orbital: accsptor orbital:
E(2) AE E(2) AE 0" s- O(bridge) O p— O(bridge)
2 . » donor E(2) AE E(2) AE

Y2 (kcalmofl)  (au) Fij  (kcalmof™) (au) Fij 'z obital  (kcalmol?) (au) Fy; (kcalmol?) (au) Fy

Yi=0"

CHs  Oc-nan 22 112 0.047 14 12 0.037

F 46.5 071  0.169 d nd  nd CHy neq 474 055 0147 238  0.68 0.117
cl 515 053  0.155 rid n  nd NHz g 132 090 0.101 9.2 0.99 0.089
Br 56.3 0.48  0.155 fd nd  nd NH-  nye) 430 064 0151 310  0.72 0.137

Yi= NH» OH No(nonbridge-anti)(2) 12.2 0.97 0.101 11.0 1.03 0.098
F 50.2 075 0177 37.9 083 0161 O Noponbriggeaniyyy ~ 36.0 078 0.153 294  0.84 0.143
cl 43.4 0.59  0.146 42.9 0.64  0.151 , - . .
Br 44.4 054  0.141 476 058 0153 the predicted donor ability of individual orbitals ort ¥énd

Y1=CHs in the sum of donor interactions for the entire substituent
F <0.5 ne nc 39.6 0.83  0.164 Y1 Table 11 lists selecteH(2) values for the MeOS£'*
cl 51.0 0.58  0.156 45.2 0.63  0.154 1)~ (Y1 — - -

and (MeOP Y1= CHgs CH, ", NH,;, NH~, OH, O)).

Br 52.1 053  0.151 50.3 058  0.156 ( QY ( S =TR s T2 , OH, O)

Examination of donor ability of individual orbitals within

“ The phosphorus series was unable to be optimized for this analysis these systems suggests that trends in predicted donor ability
because of the unimolecular decomposition of these species during attempts i lel th d id . |
at their geometry optimizatio. The E(2) value for this interaction was generally parallel that expected from consideration of elec-

below the default cutoff of 0.5 kcal mol. tronegativity and charge density.
s Comparison of methyl mesylate (MeOgtH;) and its
NH,S0,¥: (NH;PO,;Y?)": phosphorus analog (MeORCH;™) reveals that the donor

| Z(E @)nog) = 0-37 X XE(2)0"sy(z) + 72.6
R? = 0.9969

2(E (2)Nope) = 0.35 X Z(E (2)6%p_v) + 63.5
R?=0.9916

ability of a lone pair greatly exceeds that of ah-H ¢-bond
[E(2) nc — 0%s-och, = 47.4 kcal mot?, cf., E(2) oc-n —
0*s-och, = 2.2 kcal mot?; E(2) nc — 0*p-ocn, = 23.8 keal
molfl, cf., E(Z) Oc—H — OF P-OCH; — 1.4 kcal mo‘rl] (Table
@y - Jjgsxvz’()E‘ A 11). In addition to conversion of a comparatively poor donor
R?=0.9968 to a strong donor, deprotonation of the neutral speciét Y
9/0/0/6 (Y= C, N, O;Z = 1-3) to generate the singly charged
I 323’:2;3)0-9, - (Ylefl)‘. anion also results in an increase in the predicted
" Rzosmw0r donor ability of the other orbitals onthrough favorable
o 75 o5 15 135 155 175 energetic and geometric changes. Deprotonation causes
(E(@)0*s-xz) (keal mol™) greater charge localization ort)Yesulting in destabilization
Figure 3. Plot of the sum of the acceptor ability o¥and the sum of the of all donor orbitals on Yand promoting stronger donation

donor ability of the sulfonyl or phosphonyl nonbridging oxygens. Data are ; ;
from the NSOY2 (), (NHiPOY?) (). (SOY?)- (@), and (PQY22- through improved energetic overlap between donor and

o
&

[+
a

-
3]

Z(E (2)Nogy) (keal mol™)

2]
a

55

(O) series; ¥ = halogen, CH, NH,, OH. acceptor orbitals; this is reflected in a favorable decrease in
_ the AE term. Moreover, deprotonation is accompanied by a
Table 10. Selected Geometric Parameters for {88~ and (PQY??2~ reduction in the predicted XY (X = P or S) bond length.
(achéZ%or) o O o The reduced atomic separation between the central atom and

vz (kealmors) atomeZhare ‘bond Tanaih ) o e e ) Y1 in the conjugate base series facilitates more efficient
(SOY?) -, X =S overlap between the participating orbitals and is reflected in

F 139.5 -1.08 1.439 102.1 a favorable increase in thg ; element.

g: igg:; :i:gg 1:322 igﬂ Alkylation of Y, like protonation, also causes a reduction

CHs 73.5 -1.13 1.457 104.4 in substituent donor ability. Comparison Bf2) values for

g:z 1333-_53 _i:ﬂ mjg 185:3 the nonbndglng Oxygens in (SOH) [_ZE(Z)donor = 93.7

H 84.7 112 1.453 103.7 kcal mol ] with the bridging oxygen of its alkylated analog,
(POY22, X =P MeOSQOH [SE(2)sonor = 26.9 kcal mot?'] reveals a

ﬁ:e, gg.g —i.gg 122; 1823 significant decrease in donor ability accompanying alkylation.

oH 878 134 1o16 1016 The effect of alkylatlo'n is highlighted \(\/_lthln methy! sqlfate

H 73.4 -1.36 1.527 103.2 (MeOSQ"): the predicted g-donor ability of the bridging

methoxide oxygen is significantly exceeded by the nonbridg-
tions is important in determining the ease of unimolecular ing oxygens §E(2)donorve0y = 15.8 kcal mot? and

decomposition for sulfonyl and phosphonyl groups. Y E(2)donorc—) = 93.2 kcal mot?].
Trends in Predicted Donor Ability. Examination of The differences in donor ability of substituent orbitals were
trends in the predicted donor ability of a substituertiy investigated next. Unfortunately, this comparison cannot be

complicated by multiple potential donor orbitals oh Yhe achieved with the corresponding neutral series because of
lone pairs on Yand Y!'—H ¢-bond electron pairs may both  the absence of a lone pair on the neutral methyl substituent.
act as donors, and to fully understand donor substituent The most relevant series for comparison across the periodic
effects, it is therefore necessary to examine trends in bothtable is the isoelectronic conjugate base series (Me¥390
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Table 12. Selected Geometric Parameters for Me@®%band (MeOPQY 1)~

> E(2) donor X—=Y1bond bond polarization X—Obridge bond polarization ~ X— Ononbridgesyn Ononbridgegyn
& (kcal mol?) length (A) (% at Y3 bond length (A) (% at Qbridge bond length (A3 atomic charge
MeOSQY1X =S

OH 27.2 1.568 71 1.574 72 1.414 —-1.01
(1.422)

o~ 93.5 1.440 68 1.651 75 1.449 -1.11

NH2 22.4 1.616 64 1.592 72 1.421 —-1.02

NH~ 78.1 1.529 60 1.672 74 1.446 —-1.11
(1.456)

CHs 7.4 1.756 52 1.589 72 1.427 —1.04

CHy™ 64.1 1.626 50 1.697 75 1.450 —-1.10

(MeOPQYY)~X =P

OH 23.3 1.633 81 1.651 82 1.479 —1.28
(1.488)

o~ 75.7 1.512 7 1.743 86 1.521 —-1.35

NH2 15.2 1.689 76 1.656 82 1.484 —-1.27

NH~ 44.6 1.617 71 1.754 85 1.513 —-1.34
(1.523)

CHs 4.5 1.821 68 1.663 82 1.489 —1.28

CHy~ 32.6 1.740 62 1.758 84 1.512 —-1.33

aThe nonbridging oxygens in these species showed asymmetry with respect to donor and acceptor ability because of the asymmesytustifuei;
consequently, values for both nonbridging oxygens are presented.

and (MeOPQY 1?2~ (Y = CH,, NH, O; Table 11). For the increases the total donor ability of-YThe total substituent
sulfonyl conjugate base series, the-donor ability decreases  donor ability for both the neutral and anionic series is thus

with the increasing electronegativity oft YE(2)nc—s*s-ock, O > N > C; this order is the reverse of the strength of the
= 47.4 kcal mot* > E(2)w—o*s—och, = 43.0 kcal mott > donor ability of the individual orbitals on %
E(2)no—o*s—ocr, = 36.0 kcal mot?]. The differences in the Structural Implications of Increased Donor Ability. As

predicted donor ability in this series arises almost exclusively for alterations ins*-acceptor ability, changes in donor ability

as a result of changes to thé= term, reflecting the increase  of individual orbitals are associated with geometric and
in charge stabilization on ¥with increasing electronega- electronic changes consistent with enhanced donor/acceptor
tivity; the Fi; term is essentially invariant. In the phosphonyl hyperconjugation. Pairwise comparison of each neutral
series, the predicted donor ability displays the same generalspecies with its conjugate base shows enhanced hypercon-
trend in theAE term with decreasing electronegativity but jugation is associated with a shorter bond between the donor
also displays a pronounced decrease infjeelement. By substituent and the central atom concomitant with a longer,
analogy with the differences iR;; values between methyl more-polarized bonding arrangement between the central
phosphate and methyl sulfate (discussed above), the relativelyatom and the acceptor substituent, consistent with greater
greater changes in thHg; values probably reflect a greater o*-character in the interaction between the central atom and
contribution from electrostatic repulsion of negatively charged the acceptor (Table 12).

terminal substituents in the phosphonyl systems because of Introduction of a strong donor orbital into a sulfonyl or
the greater formal negative charges within the phosphonyl phosphonyl group causes additional, subtle alterations to the
systems, resulting in poorer orbital overlap between terminal global electronic structure of these systems, particularly with
substituents and the central phosphorus atom. respect to the central atonmonbridging oxygen (%

The total predicted donor ability of a substituent i Ononbridgd bonds. While the nonbridging oxygens represent
determined by the formal charge on the substituent and thepotent donor orbitals, the central atemonbridging oxygen
nature of the donor orbitals ontYIntroduction of a formal bonds are excellenv*-acceptors, resulting in favorable
negative charge onto the substituerit strongly enhances  reciprocal hyperconjugative interactions. Ttieacceptor
the total donor ability. Indeed, the sum of the total donor role of X—Ononbriage DONdS becomes particularly important
interactions in the weakest anionic species in the MefYSO  when another strong donor orbital is present. The presence
series substantially exceeds the total donor interactions ofof a substituent with strong donor orbitals in these systems

the strongest neutral speciesg(2) = 27.2 kcal mot?, cf., causes a significant increase in the predietedcceptor role
S E(2)=64.1kcal mot*for MeOSQH and forMeOSGCH, ", of the X—Ononbriage bONd. This is manifested in a slightly
respectively; Table 7]. longer predicted X Ononbridgge DONd length and a larger

Within each of the neutral and anionic series, the nature predicted negative charge localized on the nonbridging
of donor orbitals on ¥ determines the relative order of total oxygen (Table 12). In tandem with an increase in the
donor ability of Y*. Each substituent under investigation here predicteds*-acceptor role of the X Ononbriggebond is a small
possesses three donor orbitals that donate into eithei*the  decrease in the donor ability of the nonbridging oxygens.
orbital of the central atombridging oxygen (%-Ogriagd bONd The structural and electronic manifestations of increased
or the g*-orbitals of the central atomnonbridging oxygen donation oppose those occurring with increas&acceptor
bonds (X Ononbriagd- AS @ lone pair represents a more potent ability; consequently, an increaseadtfi-character of a bond
donor orbital than an ¥-H o-bond, more lone pairs on'Y  renders donation by orbitals on the nonbridging oxygens
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H H
OWO
Y. . \S
syn-

anti-

Figure 4. anti- (allowing for maximal R—o*s-y2 overlap) andsyn-
conformers about the NS bond of sulfonamides and sulfamates.

Figure 5.
structures of 4-nitrophenylsulfamate (A), potassium 4-nitrophenylmesylate . .
(B), and potassium 4-nitrophenylsulfate monoester (C). Note the potassium Single-crystal low-temperature X-ray data for three series of

has been removed from C for the sake of clarity. Thermal ellipsoids are at alkyl and aryl sulfate, sulfamate, and mesylate esters. Altering

ORTEP diagram of single crystal, low-temperature X-ray

50% probability.

more difficult. The plasticity of the X Ononbrigge bONd
highlights the reciprocal donefacceptor nature of bonding
in these systems, where the relative degree to whic

the nature of other substituents within the system.

An important consequence of the bonding scheme pro-

posed for the sulfonyl and phosphonyl functional groups is
that the relative substituent donregicceptor ability should
influence the equilibrium conformation of sulfonyl- and

phosphonyl-containing species. In most experimentally de-
termined X-ray structures of such species, the observed

conformer with respect to rotation about the substituent-
central atom bond is that which maximizes spatial overlap

between the most potent donor orbital on the substituent with

the most effective acceptor orbital in the sulfonyl or
phosphonyl system. This conformation is more common with
increasing donor os*-acceptor ability. For instance, in the

solid-state crystal structures of aryl and alkyl sulfamates

discussed below, the only conformation seen about the

sulfur—nitrogen bond is that where the predicted position
of the nitrogen lone pair i@nti-periplanar to the sulfur-
bridging oxygen bond, allowing for maximumm — 0*s-or

overlap (Figures 4 and 5). This line of reasoning does not

imply that maximization of favorable orbital overlap interac-
tions is the sole factor in the determination of conformational
equilibria of sulfonyl and phosphonyl containing com-

pounds: there are numerous reported experimentally deter

mined structures of sulfonyl and phosphonyl containing

species that display features inconsistent with delocalization
interactions being the sole determinant of the dominant

equilibrium conformation. A survey of sulfonamide structures

in Cambridge Structural Database performed by Ohwada and

co-worker§® revealed that both theyn and anti-isomers
with respect to the NS bond are represented in the reported

structures of sulfonamides. In the case of gygisomer,
where the amine protons eclipse the sulfonyl oxygens,
favorable R — o*s-y(2) overlap is not maximized. Further-
more, in a recently reported gas-phase electron-diffraction
study of benzenesulfonamidezSO,NH,),'°the eclipsed
synconformation about the-SN bond is favored over the
anti-conformation. This conformational preference was
tentatively ascribed to a stabilizing electrostatic interaction
between the sulfonyl oxygens and the amine protons; it may
equally reflect that the dominant donor in this system is the
phenyl group.

Crystallographic Evidence for Reciprocal Hypervalent
Bonding. While considerable amounts of structural data has
been gathered for phosphonyl systems, there is a shortfall
of the corresponding data for sulfonyl systems. To provide
experimental evidence for operation of the bonding arrange-
ment in sulfonyl systems predicted by the above calculations,
structure-reactivity correlations were constructed using

electron demand at the sulfonyl center will directly affect
the electronic structure at the site of substitution in ways
that should manifest as systematic changes in molecular

h geometry. Such changes represent an important test for any

bonding model of the sulfonyl functional group. It should
Be noted that there is no absolute experimental measure of
bond length and determinations by X-ray crystallography
suffer from random errors arising from the local environment
within the crystal, as well as potentially from systematic error
arising from libration. The latter can be minimized through
determination at low temperature and random errors can be
minimized by consideration of trends in bond length within
related series rather than exact values. Additionally, ionic
compounds such as sulfate monoesters may have variations
arising from different counterions, and therefore, all struc-
tures reported herein contained identical counterions. Al-
though this reduces the potential for errors, the geometry of
the counterion with respect to the sulfate monoester anion,
and differences in crystal packing may still result in
nonsystematic variations between even apparently closely
related structures, and so some caution is advised in drawing
conclusions from such data.

The effect of altering electron density at the sulfonyl center
was examined through comparison of structural parameters
between the three series. In line with thedonor ability of
the donor atoms predicted from the above calculations, the
sulfate monoesters (Y= O~) should possess the greatest

donor ability, the sulfamate esters(** NH,) an intermedi-

ate ability, and the mesylate esters (mesylatés=YCH;)
the poorest donor ability. Consequently, structural changes
associated with increased electron density in the denor
acceptor component of bonding are expected to be most
pronounced for the sulfate monoesters.

The effect of electron withdrawal on molecular geometry
at the sulfonyl center was studied through construction of a

(99) Ohwada, T.; Okamoto, I.; Shudo, K.; YamaguchiTi€trahedron Lett.
1998 39, 7877-7880.

(100) Petrov, V.; Petrova, V.; Girichev, G. V.; Oberhammer, H.; Giricheva,
N. I; lvanov, S.J. Org. Chem2006§ 71, 2952-2956.
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reo/A=1.63-3.8 x 10K (ROH);
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R?=0.85 3
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Figure 6. Structure-reactivity plot ofrs—oridge)VS PKa (ROH) for sulfate 1
monoesters @), sulfamates M), and mesylatesd). Compounds are H H I
mesylates 1—8) (1) 2,4-dinitrophenyl mesylate,2) 3,4-dinitrophenyl 0
mesylate, §) 4-nitro-3-(trifluoromethyl)phenyl mesylate (2 independent 1.41 1.42 1.43 1.44 1.45
molecules in unit cell), 4 4-nitrophenyl mesylate,5f 4-cyanophenyl $-0,, bond length (A)

mesylate, §) 3-nitrophenyl mesylate 7§ 4-chlorophenyl mesylate, ané)(

4-nitrobenzyl mesylate, sulfamate®-(19) (9) 3,4-dinitrophenylsulfamate Figure 7. Histogram of S-OnonbriagePond lengths in sulfate monoesters,
ester, L0) 4-nitrophenylsulfamate estef,¥) 4-cyanophenylsulfamate ester, ~ sulfamates, and mesylates.

(12) 3-nitrophenylsulfamate estef,3) 3-chlorophenylsulfamate estet4)

4-chlorophenylsulfamate esterl5) 4-iodophenylsulfamate esterl16) ; _
phenylsulfamate esterl]) 4-methoxyphenylsulfamate ester&g) 2,2,2- Ord%[‘ for phospha.te MoNOEsters in aqUéQ.iumd honaque
trifluoroethylsulfamate ester,19) ethylsulfamate ester, and sulfate mo- pusl solvents. N(?'ther study found any evidence for changes
noesters Z0—25) (20) potassium 4-nitrophenylsulfate2) potassium in bond order with changes to leaving grougspvalue.

4-acetamidophenylsulfate2?) potassium 4-methoxyphenylsulfate (2 in- ; ; AL
dependent molecules in unit cell23) potassium 2,2,2-trifluoroethylsulfate, COIIeCtlvely’ the solid and solution phase data suggest that,

(24) potassium methyl sulfate. Crystallographic details for the sulfate at least for phosphate monoesters, changes to bond length
monoester and sulfamate ester series have been reported pre#idirstys with substituent variation in the solid state are less pro-

denote estimated standard deviation of bond lengths. nounced (or even absent) in the solution phase. This may
be a result of differences in the electrostatic microenviron-

ments of the solid and liquid phases or from conformational
mobility that is possible in solution but not the solid phase.

Brgnsted plot of selected structural parameters versus th
pKa values of the parent alcohol. Examination of the

dependence of sulfufbridging oxygen (S Ogrisgd bond In this regard it is worthwhile noting that all X-ray structures

length upon the K, value of the parent alcohalithin each 50 i the study of Jones and Kirby possessed a staggered
of the mesylate, sulfamate, and sulfa_te series (Flgure 6)conformation about the-POprage bond, ensuring maximal n
reveals that the SObigge bond length displays an inverse  _. .« interactionsiot While such a conformation is also
correlation to the K, value of the parent alcohol, with  gypected to be preferred in the solution phase, time-averaged
S—Obrigge bONds becoming progressively longer with decreas- .o nriputions from transient high-energy eclipsed conforma-
ing pKa value. The magnitude and sign of the slope of this 55 may reduce the magnitude of the effect of-no*
Bransted plot is consistent with those obtained for phosphate;,ieractions on bond length. Thus it should be noted that
monoesters by Jones and Kirby using X-ray crystallography the structural effects described for substituent variation in
(slope= —8 x 1072 A/(pK, unit))*** and by Cheng et al.  the solid phase may not apply to the same degree in the
using vibrational spectroscopy in aqueous solution (stepe  gg|ution phase.
— 3 i 102 i

2.57 x 10°° AJ(pKa unit).!> Consequently, increased g \idence for the operation of reciprocal hyperconjugative
electron withdrawal at the bridging oxygen of sulfonyl and jteractions within the sulfonyl group was obtained through
phosphonyl systems is associated with structural changessyamination of changes in the “sulfonyl”, sulfanonbridg-
consistent with an enhanced donor/acceptor interaction with ing oxygen bond (S Onenbricgd Parameters caused by altering
the 0*s-o- and o*p-c-orbitals. Enhancement of the hyper-  gjectron demand at the sulfonyl center. Introduction of
conjugative interaction is expected to arise from stabilization g,pstituents with increased donor ability, which should result
of the acceptor orbitals, rather than increased donation fromj, increased occupancy of the—Snonbrigge antibonding
the donor orbitals on the nonbridging atoms. orbital, is associated with SOnonbrigge ONd  elongation

Notably, the results above differ from those of Sorensen- (Figure 7). The S Ononriage bONd lengths of the sulfate
Stowell and Hengge, wher@P NMR spectroscopy offO monoester series [Mmean{®nonbridgdsuate = 1.4450(12) A,
isotope shifts was used to assess changes-10,Rqe bond n = 18] are longer than those of the sulfamate ester series,

(101) Jones, P. G.; Kirby, A. J. Am. Chem. S04984 106, 6207-6212. (103) Sorensen-Stowell, K.; Hengge, A.XOrg. Chem2005 70, 4805~
(102) Cheng, H.; Nikolic-Hughes, I.; Wang, J. H.; Deng, H.; O'Brien, P. 4809.
J.; Wu, L.; Zhang, Z. Y.; Herschlag, D.; Callender,RAm. Chem. (104) Sorensen-Stowell, K.; Hengge, A.XOrg. Chem2005 70, 8303~
So0c.2002 124, 11295-11306. 8308.
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[mean(S-Ononbridgdsutramate= 1.4231(11) A;n = 22] or the The differences in SOyrigge bond lengthsbetweeneach
mesylate ester series [mear{Snonbridgdmesylae= 1.4233(8) of the three sulfonyl series likely result from differences in
A, n=18]. the n,-donor ability of the terminal substituents. Examination

The X-ray crystal structures reveal longerSqonbriggebond of Figure 6 reveals that the-SDyigge bond_ lengths in sulfate
lengths in the sulfate monoester series relative to the Monoesters are longer than those of either the sulfamate or
sulfamate and mesylate ester series (Figure 6). This interest{h® mesylate series. The sulfate monoester series possesses
ing data can be explained by considering the relative denor ©Only oxygen terminal substituents, which are much stronger
acceptor relationship between the sulfonyl oxygens and thedonors than the terminal substituents of either the mesylate
donor substituent ¥ within the mesylate (Y = CH), (2 x O + CHg) or the sulfamate (2x O + NHy);
sulfamate (¥ = NH,), and sulfate ester fv= O") series. consequently, donation into tl s oriageyorbital is expected
Each of the three nonbridging oxygens in sulfate monoestersi© be more effective for sulfate monoesters, and this is
possesses approximately the samedanor ability, which ~ reflected in the X-ray crystal structures as longerGhidge
is much greater than either the sulfamate amino group orPonds. _ _
the mesylate methyl group. Consequently, each of the We. have previously reported a structure correlation
sulfonyl oxygen bonds have increasetks_o character and ~ €xamining the dependence of the sum of thgfdige~S—
reduced p-donation from the sulfonyl oxygens, which Ononbriagebond angles with the-SOpigge bond length for the
manifests as increased bond lengths. In systems where thSulfate monoester seriéSAn increase in the sum of the
sulfonyl oxygens represent the most potegtdonor sub- nonbridging angles was correlated to an increase-i@gadge
stituents, for example, in both the mesylate and sulfamate/kiOnd length E(gnonbridge_ S—Ononbridgeangles)= 49.3¢s-of
ester series, theyrdonor ability of the sulfonyl oxygens is ~ ~) + 262), R? = 0.86], reflecting a trend from a distorted
expected to make a major contribution to theGonprigge  Lciranedral arrangemerx (Ononbridge~ S~ Ononbridgeanglesy=

bonding interaction leading to shorteneetGhonpriagebond 328.5 in an ideal tetrahgdrc_m] towarq a trigonal planar
lengths compared to the sulfate ester series. arrangement of the nonbridging substituerni§Qonbriage~

S _ . S—Ononbrisge @ngles) = 360° for SO;] with increasing
b 'I;Ee S'm"?”tty n tze SGO”"”tt’”dg‘?borl'.d Ietzrr:gthslfdlspllayed S—Opriggebond length. These data were interpreted to provide
y the mesylates and sullamales Implies the suffony 0xygensinsight into the structural manifestations occurring with
are the major prdonor in these systems and obscure the

f fthe diff b h dc movement along a reaction coordinate of unimolecular
effects of the differences between the Nhd Ch groups elimination of sulfur trioxide from sulfate monoestéfs.

(Figure 6). This is supported by the calculated donor ability However, these data also provide evidence for strengthened
of these substituents; the total donor ability of the substituent No — 0*s_oprage donation byeach of the nonbridging

O— and the strength of its individual > o* donor o qensin the ground state. With increasing acceptor ability
components significantly exceed those of the mesylate methylof the S-Obrigge antibonding orbital, strongergrdonation

substituent or the sulfamate amino substituent. Alternatively, ¢.0 aach of the nonbridging oxygens will result in increased
the lack of difference in these structural parameters of the «y,,pje-bond” character of the-Dnonpriggeinteractions and
sulfamate and mesylate esters may result from the greatefyeater spcharacter at sulfur; this is seen in the more “sulfur
ny-donor ability of the amino group over a GHyroup,  ioxide-like” geometry observed about the central sulfur as
can_celllng c_)ut the greater acceptor aplllty of s nw,- S—Obriage bond length increases.
orbital relative to that of the™s-cu;-orbital. Last, Jones and Kirby have reported structtneactivity

The disparity in the K. values over which each of the correlations for phosphate monoesters and triesters with
three series range potentially complicates analysis of thechanging K. value of the parent alcoh#! Substituent
relationship between-SOnonbriagebond length and the donor  alkylation will result in removal of formal charge and should
ability of Y* if the S—Ononbriggebond length is dependent on  substantially reduceyadonor ability. Thus, phosphate mo-
the (K. value. However, thelf, value of the parent alcohol  noester dianions, which possess much more potent donor
does not appear to appreciably influence@onbridgeond substituents than the corresponding neutral triesters, should
length. Examination of the relationship betweenonbridge exhibit a greater sensitivity to increasingp—o acceptor
bond length and I§, values (See Figure S1, Supporting ability than the triesters. This is reflected in Jones and Kirby’s
Information) reveals a small and only poorly correlated structural data where the slope of the Bransted plot of
dependence. Furthermore, the Gonuridge PONd lengths in P—Ouridge bONd length for phosphate monoesters was nearly
representatives from each series that share a common parentvice that of the corresponding triestéps.
phenol, 4-nitrophenylsulfate monoestay §nonvridgey= 1.4412- An alternative explanation for the observed trends in
(13), 1.4409(12), 1.4373(13) A], 4-nitrophenylsulfamate structural parameters can be made by invoking a purely
[Fs—o(nonbridgey= 1.4267(11), 1.4192(11) A], and 4-nitrophe- electrostatic argument that considers Lewis representations
nylmesylate fs—oqonbridgey= 1.4201(12), 1.4229(12) A] are  where the central atom conforms to the octet rule and integral
consistent with the relationship described above. Thesepositive and negative charges are located on the central atom
results imply that our analysis of the relationship between and peripheral substituents, respectively. According to this
donor ability of Y* and S-Ononuriage PONd length is not  approach, the observed differences in structural parameters
influenced by the differences in the range ¢fvalues in between the three series and within each series arise simply
the three series. through differences in the electrostatic repulsion between the
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negatively charged terminal substituents. For example, theresonance contributors, which showed no contribution from
longer S-Ononbridge DONds in the sulfate monoester series octet violating resonance forms. NBO analyses of the
relative to the sulfamate or mesylate series arise because o€lectronic structures of sulfonyl and phosphonyl groups
the greater charge localized on the terminal substituents ofpredict that they are highly polarized with significant
the sulfate monoesters. This causes greater through-spaceontributions from reciprocal hyperconjugation, where sub-
electrostatic repulsion between the three terminal substituentsstituents off the central sulfur or phosphorus act simulta-
and a subsequent increase in their interatomic distancesneously as donors and acceptors. X-ray crystallographic data
Likewise, the effect of substituent variation of Gyigge DONd for three series of sulfate monoester, sulfamate esters and
length can be explained by a decrease in the electron densitymesylate esters give rise to systematic trends in bond lengths
on the bridging oxygen caused by increasing electron demandand geometries with substituent variation. Together, the
from the substituent. This electrostatic argument is consistentcomputational and experimental data support a bonding
with the proposed bonding model because it assumes a largeetwork in sulfonyl and phosphonyl groups comprised of
degree of charge localization on the terminal substituents, highly polarized interactions between the central phosphorus
implying a charge separated, highly polarized mode of and sulfur atoms and their substituents with significant
bonding between the terminal substituents and the centralcontributions from reciprocal hyperconjugative interactions
sulfur or phosphorus atom. These assumptions are borne oubf the form n— o*. Our study provides computational
by the calculated atomic charges and electronic structureevidence supported by experimental evidence for a simple,
predicted by NBO analysis. Indeed, it is very probable that alternative Lewis depiction with octet conformity that is
the observed trends in structural parameters in the threereadily applied and should be easily accepted even at an
sulfonyl systems seen here and in the previously publishedintroductory level.

structure-reactivity correlation of phosphate estétsarise
because of contributions from both changes in the denor
acceptor framework and electrostatic interactions.
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Despite the burgeoning weight of computational evidence
against d-orbital participation in sulfonyl and phosphonyl
systems, introductory textbooks still explain bonding in these
groups, and sulfate in particular, using octet violation about
the central sulfur and phosphorus atoms. In this study we
provide computational and experimental evidence against this - sypporting Information Available: Structure-reactivity cor-
Lewis representation, with a particular focus on sulfonyl relation plot of K, (ROH) vs S-Ononbridggebond length, synthesis,
groups. Investigation of the hybridization of the central sulfur characterization data and crystallization conditions for mesylates
and phosphorus atoms in sulfonyl and phosphonyl systems,1—8, crystallization conditions and X-ray crystallographic data for
and formal charges throughout such systems by NBO mesylatesl—8, optimized parameters in Cartesian coordinates
analysis, provided little support for significant d-orbital (standard orientation) for all species studied by computational
participation in any of these species. These results aremeans, _crystglllzatlon |nformat|or_1 files for mesylates8. This
supported by NRT deconvolution of the electronic structures materialis available free of charge via the Internet at http:/pubs.acs.org.
of methyl sulfate and methyl phosphate ions into their 1C700687T
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