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Density functional calculations with a polarized doufjl&asis set on simple aryl radicals have predictive
utility in the estimation of singlettriplet energy splittings of corresponding aryne biradicals through a
proportionality between isotropic hyperfine couplings for the former species and the splittings for the latter
species. This allows rapid estimation of singl&iplet splittings in large hydrocarbon systems, where direct
calculation would be prohibitively costly, and should simplify the design of aryne systems having controlled
reactivities as a function of their singletriplet state energy splittings.

Didehydroarenés* (“arynes”) are reactive intermediates known tendency to overstabilize triplet states relative to singlets,
having two nominally nonbondings orbitals; arynes show  typically by 3—12 kcal/mol in single-center biradicals (e.qg.,
different degrees of biradical character depending upon the carbenes§é3° Form-benzyne, the underestimations of the gap
separation distance and relative orientation of those orfSitals. are considerably reduced, but predictions from both levels
The benzynes are archetypal arynes that have a long history ofremain outside the experimental error bars. Finally, while
experimental and theoretical investigatiod! Benzynes have = CASPT2overestimates the stability of the singlet fatbenzyne
become common reagents for organic and organometallicby 2 kcal/mol, BPW91 erroneously predicts a triplet ground
synthesis= 412714 p-Benzynes formed by Bergman cycliza- state. This failing of DFT reflects its limitations as a single-
tion'>16are key intermediates in the mechanisms proposed for determinant modetas the separation between the radical centers
the double-stranded cleavage of DNA by enediyne antibibtiég. increases, nondynamical electron correlation becomes increas-
Chen and co-workers have recently emphasized that theingly important for the singlet state, and current functionals are
reactivity ofp-benzyne type biradicals depends upon the energy incapable of accurately accounting for this effékt.
splitting between the singlet (S) ground state and triplet (T)  calculations at higher levels of theory (e.g., multireference
excited state; the larger the splitting, the less reactive and moreconfiguration interaction or coupled-cluster approaches including
selective the singlet biradicé?! Thus, rational design of more  triple excitations) have provided more accurate predictions for
selective enediyne and related antibicticd* requires a reliable  the benzyned811but these approaches are currently impractical
means for estimating -ST splittings in arynes. However, for |arger systems, such as naphthalynes. Table 1 provides
measurement of these quantities is by no means rotti@ed  cajculated ST splittings for the naphthalynes at the CASPT2
they are difficult to calculate accurately by ab initio methbdS;  ang BPWO1 levels. The expected trends between the two levels
especially for the larger arynes that may be of interest with pased on the benzynes are observed: there is reasonable
respect to drug development.  In this Letter, we present a simple 3greement on the gaps for the 1,2- and 1,3-biradicals, but DFT
computational approach for estimating-¥ energy gaps for  seyerely underestimates the singlet stabilities for biradicals with

arynes from a relationship between-% splittings in the larger separation between the radical sites.
biradicals and the more easily calculated isotropic hyperfine

coupling constants in the corresponding aryl monoradicals. We
illustrate the method for the 10 isomeric didehydronaphthalenes
(“naphthalynes”).26-30

Measurement of the-ST splittings foro-, m-, andp-benzyne
was recently accomplished by negative ion photoelectron
spectroscopy® All three benzynes have singlet ground states,
and as expectet®1lthe S-T gap decreases with increasing
number of bonds between the radical centers. Table 1 present
the experimental data together with predictions from two
different levels of theory, namely, multireference second-order
perturbation theos}—32 (CASPT2) and density functional
theory?*=36 (DFT, specifically BPW91§’ These theoretical
levels are reasonably efficient in terms of demand for compu-
tational resources, but neither provides especially satisfactory
results. Foio-benzyne, both levels significantly underestimate
the splitting—in the case of CASPT2 this is consistent with its

The magnitude of the -ST splitting, of course, reflects the
degree to which spins at the dehydro positions interact with
one another. A quite different observable that might be expected
to provide information on the degree of this interaction in the
biradical is the isotropic hyperfine coupling constant (hfs) to a
hydrogen atontapping a particular site in the corresponding
monoradical e.g., the hfs value for the para hydrogen in the
é)henyl radical would constitute a measure of the degree of spin
communication between the two radical sitepibenzyne. The
utility of focusing on hfs is that it is a one-electron property
easily calculated from a doublet wave functiériZ and such
wave functions for aromatier radicals are typically well
described by a single determindft.Table 2 lists the BPW91
hfs values calculated for different hydrogen atoms in the phenyl
and 1- and 2-naphthyl radicals (there are 17 unique data, the
values appear under the benzyne or naphthalyne that would be
created were the given hydrogen to be removed from the
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. indicated radical). BPWO9L1 is in excellent agreement with the
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TABLE 1: Computed S—T Splittings (kcal/mol) at the CASPT2 and BPW91 Level3d

benzyne naphthalyne
theory ortho meta para 1,2 1,3 1,4 1,5 1,6 1,7 1,8 2,3 2,6 2,7
CASPT2 -—-30.4 —18.0 —5.8 -322 -—-172 56 -78 -09 -16 -09 -284 -18 -29
BPW91 —-31.3 —-19.4 2.0 —-33.2 -19.7 1.0 -16 256 169 107 —296 216 109
exptP —-37.7+£0.7 —-21.1+04 -3.84+0.5

a S—T splittings from indicated level of theory (cc-pVDZ basis set). Zero-point vibrational energy corrections from BPW91 frequency calculations
for both cases? Reference 25.

TABLE 2: Computed Isotropic Hyperfine Splittings (G) at the BPW91/cc-pVDZ Level?

benzyne naphthalyne
radical ortho meta para 12 1,3 14 15 1,6 17 1.8 2,3 2,6 2,7
phenyl 15.2 5.9 2.1
1-naphthyl 16.9 5.7 2.2 32 -02 0.5 -0.3
2-naphthyl 17.0 5.6 -0.2 0.3 13.7 0.3 0.8
exptP 17.4 5.9 1.9

aData grouped by benzyne/naphthyne that would be created if the parent radical were dehydrogenated at the position for which hyperfine
splitting is reported® Reference 44.
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Figure 1. CASPT2 aryne ST gaps (electronic energy only) vs BPW91 hfs for phenyl and naphthyl radicals. See Table 2 for correspondence of
data.

measuretf hfs values for the phenyl radical; indeed, DFT has values to be least accurate for the 1,2-arynes (rightmost cluster
been shown to provide very accurate hfs predictions in many of points in Figure 1), improved for the 1,3-arynes (middle
different moleculeg?45-49 cluster), and most accurate for the remaining more remotely
Figure 1 shows that there is indeed a strong correlation coupled arynes. Furthermore, Figure 1 does include the
between the magnitude of the CASPT2-predicted benzyne andzero-point vibrational energy differences between the spin states
naphthyne ST gaps and the DFT-predicted hfs values in the (since one would not expect hfs values to provide any measure
phenyl and naphthyl radicals. The nearly linearf# & 0.97) of this quantity). All of these caveats aside, it is clear that there
for all 17 data points is in part fortuitous. Geometries of the is a quantitatively meaningful relationship betweenlSsplitting
arynes and corresponding radicals optimized at the CAS leveland hfs. This relationship igot simply founded on each of
are quite similar when the two radical centers in the aryne do these properties becoming smaller with greater separation
not interact strongly (as measured by either a small $ap between aryne centers; there is poor correlation between either
or a small hfs value). However, in the 1,3-arynes there is observable and the relevantC distance R = 0.70 and 0.74
moderate distortion in the singlets from bonding overlap between for hfs and ST splitting, respectively) with scatter being largest
the two radical centers, and that distortion becomes quite largefor long-range separations where hfs an€elSsplittings appear
in th 1,2-arynes, where the singlets have a formal triple bond. to be similarly sensitive to critical through-bond couplings.
Since geometry distortion may significantly alter the spépin This analysis provides a useful, efficient method for semi-
interaction, we expect correlation betweerTSgaps and hfs guantitative estimation of ST splittings, limited in this case
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TABLE 3: Corrected S—T Splittings (kcal/mol) for Naphthalynes from Two Methods

naphthalyne
method 1,2 1,3 1,4 1,5 1,6 1,7 1,8 2,3 2,6 2,7
CASPTZ2 —-39.5 —20.3 -35 -5.8 1.2 0.5 1.2 —35.7 0.2 —0.8
H hfs
1-naphthyl —41.8 —20.3 -4.0 -5.9 0.4 -0.8 0.5
2-naphthyl —42.0 —20.1 0.5 -0.5 —-33.9 —0.6 -15
best estimate (average) —41.1 —20.2 —3.8 —5.8 0.7 -0.3 0.8 —34.8 -0.2 -1.2

aS—T splittings corrected based on benzynes (see te®).T splittings calculated from hfs values based on benzynes (see text).

by the accuracy of the CASPT2/cc-pVDZ level of theory that space would otherwise be prohibitively large for multireference
is being correlated. In principle, of course, what one would methodologies incorporating ailorbitals. Systems containing
like to correlate is predicted hfs values agaiegperimental heteroatoms will also likely be amenable to this approach,
S—T splittings®® With only three experimental aryne splittings  although initial benchmarking against experiment and/or higher
available, such an approach is of questionable statistical levels of theory is necessary. This should simplify the design
relevance. Nevertheless, if we take advantage of the experi-of aryne systems having controlled reactivities as a function of
mental data available for the benzynes, we can attempt to scaletheir singlet-triplet state energy splittings.

the results from both theoretical approaches (CASPT2 computed )

S—T gaps and the correlation between BPW91 hfs ard' S Acknowledgment. We are grateful for high-performance
gaps) and see how they compare. Table 3 provides “corrected”Vector and parallel computing resources made aval_lable_ by the
S—T gaps as predicted by each method. CASPT2 splittings M!nnesota Supercomputer Institute gnd the Un!versny qf
for 1,2-, 1,3- and more distantly coupled naphthalynes are Minnesota-IBM Sha_red Research Pr_Oject, rgspectwely. T_h|s
corrected simply by adding the deviations found for this level Work was supported in part by the National Science Foundation.
compared to experiment for, m-, andp-benzyne, respectively. ~ Randy Seburg is thanked for research assistance.

The gaps calculated from BPW91 use the proportionalities of
the experimental gaps to the computed hfs values for the _
benzynes as multipliers for the naphthalyne hfs values. Again, Preg? Hg@m\f‘g‘rﬂ' i-; g’;’ [Dehydrobenzene and Cycloalkynésademic
the 1,2-, 1,3-, z?m(.j more distant cases are all three treated (2) Gilchrist, T L.; .Rees, C. WCarbenes, Nitrenes, and Arynes
separately (multiplication factors 6f2.47,—3.60, and—1.83 Nelson: London, 1969.

kcal mol- G™1, respectively). These two different approaches (3) Wentrup, CReactie MoleculesWiley: New York, 1984; p 288.
give remarkably similar predictions, which lends credibility to W"e(;}:) hg\\f\'ln\'(gr'k""'1'9"8%‘?6\‘/%'(_‘93';”:)“1@6‘1'ate;gones' M., Moss, R., Eds.;
the results. In the absence of sufficient experimental data, we  (5) Hoffmann, R.; Imamura, A.; Hehre, W.J.Am Chem Soc 1968
see no reason yet to prefer one method over the other, so Table€0, 1499.

3 simply provides the average of all computedTSgaps as 198g6)115]fgii5‘§“ A. C.; Schaefer, H. F., lll; Liu, B. Am Chem Soc

our “best estimate”. (7) Nicolaides, A.; Borden, W. T1. Am Chem Soc 1993 115, 11951.

A number of chemically interesting trends are apparent in __ (8) Wierschke, S. G.; Nash, J. J.; Squires, RJRAmM Chem Soc

. . 1993 115 11958.
Table 3. For instance, the-S gap is much larger for 1,2- ?9) ,fraka, E.- Cremer, DJ. Am Chem Soc 1994 116 4929,

naphthalyne compared to 2,3-naphthalyne. As discussed by (10) Lindh, R.; Persson, B. J. Am Chem Soc 1994 116, 4963.
Ford?! this derives from the bond alternation already present 7§1é)llCramer, C. J.; Nash, J. J.; Squires, RORem Phys Lett 1997,
in n_a_phthalene, where there is increased bond _o_rder betweer? (12) Kauffman, T.: Wirthwein, RAngew. Chem., In€d. Engl. 1971
positions 1 and 2 compared to 2 and 3. In addition, the 1,6- 10 20,

and 1,8-naphthalynes are predicted to be ground-state triplets. (13) Bryce, M. R.; Vernon, J. MAdv. Heterocycl Chem 1981, 28,
This is a plausible spin state for these species since, in the183. . .
absence of through-space and throwgbend interactions, 19%4)28{3?28?' M. A.; Schwemlein, H. ngew Chem, Int. Ed. Engl
polarization of thexr system favors opposite spins on sites (15) Jones, R. R.; Bergman, R. G.Am Chem Soc 1972 94, 660.
separated by an even number of centers (including adjacent (ig) Eergr,r\}lanb -RbGACC CThesm- l(?:?]s 197g 6(,:2_5l.EII . G, A Siogel
centers) and parallel spin on sites separated by an odd numbeM(M.? Mgffon,' G."O.?mceéahreﬁ, Wf"“ﬁ' Borders, D B AmChern
of centers, as are the 1,6- and 1,8-positionA. framework Soc 1987 109, 3466.

larger than that offered byn-benzyne is required to observe (18) Nicolaou, K. C.; Smith, A. LAcc Chem Res 1992 25, 497.

i ; i ; i - (19) Gleiter, R.; Kratz, DAngew Chem 1993 105, 884.
this preference for the triplet since in that species (and 1,3 (20) Logan, C. F.. Chen, B Am Chem Soc 1996 118 2113,

naphthalyne), even though the rad_ical sites are separated by an (21) Schottelius, M. J.; Chen, B. Am Chem Soc 1996 118, 4896.
odd number (1) of carbons, there is rear-lobe overlap between (22) Nicolaou, K. C.Angew Chem, Int. Ed. Engl. 1993 32, 1377.
the two nonbondings orbitals. (23) Myers, A. G.; Dragovich, P. 8. Am Chem Soc 1993 115 7021.

. . 24) Myers, A. G.; Cohen, S. B.; Kwon, B.-M. Am Chem Soc 199
Other aspects of the naphthalynes will be discussed else-ll((i 1)670¥ 4

where®? In concluding, however, we emphasize that the result _ (25) Wenthold, P. G.; Hu, J.; Squires, R. R.; Lineberger, WJ.G\m
f ar ractical importan here is th ver h Chem Soc, submitted for publication. o

or g eaFestp actica porta .Ce N e s that a e yc .eap (26) Gritzmacher, H. F.; Lehmann, W. Riebigs Ann Chem 1975

calculation, namely, a density functional calculation with a 5453

polarized doublé: basis set on a simple radical, has predictive  (27) Bharucha, K. N.; Marsh, R. M.; Minto, R. E.; Bergman, R.JG.

utility in the estimation of singlettriplet energy splittings A"Ezcgg‘emmysrf;cﬁgz_}Zliﬁnzizgl- &1 Am Chem Soc 1992 114 10986
through the proportionality of those splittings to isotropic (29) Weiner, H. A.: McFarland, B. J.; Lii, S.; Weltner, \W.Phys Chem

hyperfine couplings. Moreover, if the experimental hyperfine 1995 99, 1824.

couplings can be resolved, one has a relatively siragleratory L (b3_0) iothéxV. Ri;gggplfégii; Wasser, T.; Zimmerman, H.; Werner, C.
i i i 1ebigs Ann em . R

method f_OI’ estlmatlng_ST gaps In aryne SyStemS.' The (31) Andersson, K.; Malmqvist, P.-ARoos, B. O.; Sadlej, A. J.;

computational method, in any case, should allow rapid evalu- gjinski, K. J. Phys Chem 1990 94, 5483.

ation of larger hydrocarbon systems where the size ofthe (32) Andersson, K.; Roos, B. @nt. J. Quantum Chemil993 45, 591.
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