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Abstract: In an attempt to understand the dramatic

difference in reactivity between phenylnittanand

pentafluorophenylnitrenelb), the ring expansion reactions of several fluorinated arylnitrenes have been studied
computationally at the CASPT2N/cc-pVDZ//CASSCF(8,8)/6-3HSZPE level of theory. The nitrenes considered
include 2,6-difluorophenylnitrené.€), 3,5-difluorophenylnitreneld), 4-fluorophenylnitrenel), and 2-fluorophen-
ylnitrene @f). In all cases ring expansion of the open-shell singlet nitreb)e® the ketenimines3) was calculated

to occur via the same two-step mechanism as that predicted for the parent shatenitli the first step-cyclization

to the azirines)—being rate-determining. The calculated barrier of 13.4 kcal/mol for cyclizatidre &f 3.5-4.5
kcal/mol higher than the corresponding barriers for nitrebeand 1f, and forla. For nitrenelf, the calculated
barrier of 13.0 kcal/mol for cyclization toward fluorine is 3 kcal/mol higher than the barrier for cyclization away
from fluorine. These calculated differences in barrier heights are consistent with known experimnental data for
nitrenesla—f and are attributed largely to steric repulsion in the transition state when the nitrogen atom cyclizes
toward fluorine. This steric explanation is based on an analysis of the optimized geometries of the transition states
and is supported by calculations on the cyclization reactions of 2-chlorophenylnitt@rangl 2-methylphenylnitrene

(1.

Aryl azides (ArNs) have been used for photoaffinity labeling

Platz and co-workers postulated that ring expansion occurs

of enzymes, a technique to determine the amino acid residuesin one step from the closed-shet? configuration, which is

present in the active sités.This application is most efficient

dominant in the 2A; state of the singlet nitrene, and that this

when intermolecular insertion reactions of the arylnitrenes configuration is less accessible dgtfluorines are presefit:”

(ArN), formed by photolysis or thermolysis of the azidese
faster than their intramolecular rearrangeméntss exemplified
by pentafluorophenylnitrenell), fluorine substituents have

been found to slow the rate of intramolecular rearrangentents,

Recent DFT calculations by Smith and Cramer have, in fact,
found thato- and p-fluorine substituents destabilize théA3
state of phenylnitrene, relative to the lower, closed-shell, singlet
state (3A1), in which theo? configuration is dominarit. Smith

thus making fluorinated aryl azides popular reagents for and Cramer state that “to the extent th& 2state character is

photoaffinity labeling studies.

reflected in the transition state ..., this rationalizes the increased

Banks and co-workers first demonstrated that polyfluorinated barrier [to ring expansion in fluorinated arylnitrenes].”

arylnitrenes give increased yields of insertion proddcBub-

However, the importance of the relative energy of tha2

sequent experimental studies of these molecules have deterstate to the rate of ring expansion of arylnitrenes is called into
mined,inter alia, the rate constants for the competing processes question by the results of our recent CASSCF and CASPT2N
of rearrangement and intersystem crossing of the singlet nitrenescalculations on the ring expansion of singlet phenylnitréte)(

to the triplet ground statés.Platz and co-workers have found
that fluorine substitution at botbrtho positions is necessary to
effectively inhibit ring expansiof.
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to ketenimine3a. Our calculations find that this reaction occurs
not in one, but in two steps, as shown in e§1?. The first

Na N .
N\ '.N/\
—_ m— m— 1)
O ﬁj N\ 7/
PhN, "a 2a 3a

step—cyclization of!lato bicyclic azirine2a—is computed to
be rate-determining, and it is not clear why the relative energy
of the ZA; excited state ofla should have a significant effect
on the activation energy for the cyclization fa to 2a.

The low activation energy computed for this step is easily
explained on the basis of the wave function for the lowest-

(7) Platz, M. S.Acc. Chem. Red.995 28. 487.
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Appl, M. Chem. Ber1958 91, 12.
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energy singlet staté4,) of 11all In this state an unpairegl Table 1. Calculated Relative Energies (kcal/mol) for Species
and an unpairedr electron of opposite spin are localized in Involved in the First Step of the Ring Expansion of Substituted
different regions of space, as depicted schematically in the PNenylnitrenes

structure drawn fortlallab Cyclization of 1a to 2a only specie3 CAS/¢ ZPE' coeff$ PT2/8 PT2/cé
requires bending of the nitrogen ia out of the plane of the 1gh —284.56720 59.5 83.7,2.4—285.39523 —285.42145
benzene ring, so that bonding can occur between the singly- TSia 8.9 59.5 75.5,9.3 8.6 9.3
occupieds AO on nitrogen and the p-AO on one of theortho 2a 4.7 60.9 84.7,2.3 16 3.5
carbons. c —482.25755 49.2 84.0,2.2—483.42762 —483.51483
, . TSic 13.9 49.2 755,9.4 13.0 13.4
In ordgr to unders.tand wi‘g-flgorlne substl'tuents slow the 26 21 50.7 853.21 —05 10
rate of ring expansion of fluorinated arylnitrenes, we have 114 —482.26440 48.9 84.3,2.2—483.43277 —483.52034
performed ab initio CASSCF and CASPT2N calculations. TS1d 8.5 48.9 74.8,10.6 7.9 8.6
These calculations find thdtc—f all rearrange by the same  2d 3.2 505 855,18 —0.7 11
e —383.41578 54.4 83.7,2.5—-384.41595 —384.48417
TSle 7.9 54.3 75.6,9.6 8.5 9.1
N N N 2e 3.3 55.6 84.9,2.2 1.6 3.3
F FF F 1f —383.41308 54.5 83.9,2.2—-384.41203 —384.48036
TS1f 9.5 545 77.1,8.0 9.5 9.9
2f 6.1 55.7 84.7,2.0 3.6 4.8
F F TS1g 13.6 54.3 74.3,10.3 123 13.0
F 29 0.7 559 853,25 -24 —-0.3
1a 1b 1c 11h —743.46315 i 83.7,2.4 —744.43493
TS1h 8.0 76.1, 8.7 8.0
N N N 2h 3.2 84.6,2.2 0.8
F TS1i 12.1 72.3,12.2 11.7
2i 0.3 852,24 -29
1j —323.60350 i 83.7,25 —324.57075
F F TS1j 6.3 76.1,9.0 6.4
F 2j 0.9 849,23 -—-13
1d 1e 1f TS1k 8.6 74.7,10.3 8.4
2k 1.5 848,24 —13
mechanism as the parent systeta)(and that the first step of 2 Energies pertain to CASSCF(8,8)/6-31G* optimized geometries,
the ring expansion is again rate-determintdgOur results for and are in units of kcal/mol relative to the corresponding nitrenes, for

; ; i : which the energies are in hartrees (1 millihartre®.6275 kcal/mol).
the fluorinated arylnitrenes, as well as additional computational >All nitrenes are open-shell singlet State€ASSCF(8,8)/6-31G

results for chloro- and methyl-substituted arylnitrenes, suggest energy d CASSCF(8,8)/6-31G* zero-point vibrational energies, in kcall
that steric effects are largely responsible for the increased barriermol. e Weights (%) of the two most important electronic configurations

heights to ring expansion that are causeabltiiro substituents. in the CASSCF wave functiohCASPT2N/6-31G* energy CASPT2N/
cc-pVDZ energy! Data for'la, TS1la and2a are taken from ref 9.
Results and Discussion "Vibrational analyses were not performed opHGCIN or C/H:N
stationary points. Therefore the energies for these systems are not
Geometries of stationary points were optimized at the corrected for ZPE differences.

CASSCF(8,8)/6-31G* level of theo?,and single-point ener-
gies were calculated using the CASPT2N me#fiadth both 1. Results for the unsubstituted casee also provided for

_ *13b - 7 i
the 6-31G™ and cc-pvDZ” basis sets. The calculated comparison. The following discussion uses CASPT2N/cc-
(11) (a) Kim, S. J.; Hamilton, T. P.; Schaefer, H.J.Am. Chem. Soc. =~ pVDZ+ZPE energies fotaand1c—f and CASPT2N/6-31G*

energies for the species of interest here are provided in Table

1992 114, 5349. (b) Hrovat, D. A.; Waali, E. E.; Borden, W. J. Am. ; ;

Chem. Socl992 114 8698. (c) Travers, M. J.; Cowles, D. C.; Clifford, E. en;rgn;s foﬂg at?]d 1. ational results in Table 1Tamnd

P.; Ellison, G. B.J. Am. Chem. Sod 992 114, 8699. (d) McDonald, R. S shown by the computational results in Table 1iam@n

N.; Davidson, S. JJ. Am. Chem. S0d.993 115, 10857. 1c—e, the ca. 3 kcal/mol higher barrier found experimentally

(12) Our results for the second step of the ring expansion will be fgor ring expansion oflb 5¢c compared tdla,’8 can be attributed
published in due course. '

(13) (2) CASSCF method: Roos, B. @dv. Chem. Phys1987 69, 339. to the presence of the twafluorines inlb. The CASPT2N/
Roos, B. Olnt. J. Quantum Chem. Sym98Q 14, 175. (b) 6-31G* basis cc-pVDZ barrier of 13.4 kcal/mol for rearrangement of 2,6-
set: Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. (c) difluorophenylnitrene 1c) to 2cis 4.1 kcal/mol higher than the

The 8-electron, 8-orbital active space used for these species was analogou ; : _
to that described for the parent systéNibrational analyses were performed Eorrespondlng barrier fata— 2a._In contrast, the calculated

at the CASSCF(8,8)/6-31G* level, to verify that each stationary point barriers to rearrangement of 3,5-difluorophenyinitret® @nd
corresponded to either a minimum (zero imaginary frequencies) or a 4-fluorophenylnitrene Xg) are very similar to that computed

transition state (one imaginary frequency), and to obtain zero-point for ynsubstituted phenylnitrend d).
vibrational energies, CASSCF: calculations were performed using the These computational results are consistent with the observed
Gaussian 94 progratf.CASPT2N calculations were performed using the p

MOLCAS programt® _ reluctance of pentafluorophenylnitrengb}® and 2,6-difluo-

5 rgl4) F”SBChé 'V"-2 Jk-]?bT'f\lAJC';Sv gﬁ W.; SCh'e‘j?leva{ Hk B_t-ri] ?'LPP-tM- W, . rophenylnitrene 1c) to rearrang®l® and with the relative ease
ohnson, b. G.; RODD, AL eeseman, J. R.; Keltn, 1.; Petersson, G. : f : _ . 6,20

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, of ring expansm_n in 4 quoroph_enyInltrenéa). Mo_reover,

V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; OUr results are in good quantitative agreement with the laser

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;  flash photolysis studies of Marcinek and Platz, who found the
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion B.3 Gaussian, (17) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

Inc.: Pittsburgh PA, 1995. (18) (a) Leyva, E.; Platz, M. S.; Persy, G.; Wirz,JJ.Am. Chem. Soc.
(15) Andersson, K.; Blomberg, M. R. A.;"Bcher, M. P.; Karlstim, 1986 108 3783. (b) A very recent direct measurement of the rate constant

G.; Kelld, V.; Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olsen, J.; Roos, B.  for ring expansion ofla has foundE, = 6.2 + 0.4 kcal/mol: Gritsan, N.

0.; Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, PMQLCAS P.; Yuzawa, T.; Platz, M. SI. Am. Chem. SoSubmitted for publication.

3; University of Lund: Sweden. (29) (a) Dunkin, I. R.; Thomson, P. C. .Chem. Soc., Chem. Commun.
(16) (a) Andersson, K.; Malmgqvist, P.-A.; Roos, B. O.; Sadlej, A. J.; 1982 1192. (b) Morawietz, J.; Sander, \.. Org. Chem1996 61, 4351.

Wolinski, K. J. Phys. Chen1l99Q 94, 5483. (b) Andersson, K.; Malmqyvist, (20) Donnelly, T.; Dunkin, I. R.; Norwood, D. S. D.; Prentice, A.; Shields,

P.-A.; Roos, B. OJ. Chem. Phys1992 96, 1218. C. J.,; Thomson, P. C. B. Chem. SocPerkin Trans. 21985 307.
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2.049 1626 A). The bridging G-C bond is also significantly shorter iy
g7.30 N A\ 260 - 114.4°\§N\1 261 (1.414 R) than in2f (1.436 A) and in2a (1.438 A), but the
HC 1303 P4 1.321 C=N bond is slightly longer ir2g (1.274 A) than in2f (1.261
. @ A) and 2a (1.259 A). In addition, the €F bond is longer in
1278 <N 1.468 29 (1.346 A) than in2f (1.321 A).
1.473 / F TS1f 2f These differences in bond lengths can be explained on the
O 1.325 basis of mixing between the<€N 7 MO and the C-F ¢* MO
2005 in 2g. This interaction, which is absent in bk and2f, results
] 1264N7 101 30 1974 N/‘-532 . in the delocalization of electron density from the=8 7 bond
1f H VA H 7S 173 into the G-F o* orbital in 2g. This in turn causes the
1.320 @ \1':346 lengthening of the &N and G-F bonds and the shortening of
' the C-N single bond and the bridging €C bond that are

TS 2 calculated for2g. The same effect has been observed in
g 9 3-fluorocyclopropene and we believe that this interaction
Figure 1. Selected CASSCF(8,8)/6-31G* optimized bond lengths (A) between the filled &N 7z MO and the unfilled G-F o* MO

and angles (deg) for open-shell singlet 2-fluorophenylnitréh®, the in 2gis at least partly responsible for the lower energy computed
transition states for cyclization away from fluorinE1f) and toward for 2g relative to2f.

fluorine (TS1g). and the corresponding azirine produc2é 4nd 2q). Unlike the geometries of azirinegf and2g, the geometries

of the two transition states[S1f and TS1g (Figure 1), that
connectlf to the azirines offer fewer clues as to wiig1f is
lower in energy tharmS1g However, the N-C—F angle of
101.3 in TS1gis 4.0 larger than the corresponding-\C—H
angle inTS1f, suggesting the possible existence of some steric
repulsion between the incoming nitrogen and the fluorine
attached to the carbon at which the nitrogen is forming a bond.
The N—C—F angle of 101.7in TS1cis even larger than that
in TS1g and the N-C—H angles inTS1a(95.9), TS1d(97.0°),
andTS1e(95.7) are all smaller than that iIRS1f. As expected,
the N—C—F bond angles ir2c and2g are also bigger than the
. N—C—H bond angles ir2a, 2d, 2¢, and 2f.23
N N b . . . ..
A N In order to test this steric explanation, we performed similar
X Y : Y x— > Y calculations on the analogous cyclization reactions of 2-chlo-
O — —_— @ rophenylnitrene 1h) and 2-methylphenylnitrenelj). Once
again we investigated both possible cyclization modes for each
14 TS 2 nitrene (eq 2). If the higher barrier for cyclization to a
fluorinated carbon irla—f were purely electronic, one might

barriers for ring expansion dfb and1c both to be ca. 3 kcal/
mol higher than that for ring expansion b&.5-21

Table 1 also reveals that is calculated to be 3.8 kcal/mol
less stablehan1d. Therefore, the higher barrier fac — 2c,
compared to that fotd — 2d, cannot be explained on the basis
of stabilization of the nitrene bygrtho fluorines?

Our calculations on 2-fluorophenylnitrengf) find that the
transition state for cyclization at the fluorinatedtho carbon
(TS1g is ca. 3 kcal/mol higher than that for cyclization at the
unfluorinatedortho carbon TS1f, eq 2). These results are in

>

f h i j k . gy ,
x [H f__’ w Cll :' cH not expect to see energetic preferences of a similar magnitude
R N T
v ’ F H Cl H CHy H for cyclization away from chlorine iih and away from the

methyl group inlj. Similarly, if the differences in both the
transition state and product geometries for cyclization to
fluorinated and unfluorinated carbons were purely electronic
in 1a—f, they might not appear in the transition states for and
products from cyclization oth and1;j.

As shown in Table 1, the CASPT2N/6-31G* barrier for
cyclization of1h toward CI (viaTS1i) is 3.7 kcal/mol higher
than the barrier for cyclization away from Cl (viaS1h).
Comparison of the optimized geometries of azirigasand 2i
(Figure 2) reveals differences in bond lengths similar to but
larger than those found f&f and2g (Figure 1). The N-C—

Cl angles in the transition state for and product from cyclization
toward Cl are respectively 6.and 3.5 larger than the NC—H
angles in the transition state for and product from cyclization
toward H (Figure 2). Moreover, the-NC—Cl angle of 103.8
in TS1liis 2.5 larger than the NC—F angle inTS1g (Figure
1). We attribute the slightly larger differences in both energies
and bond angles for cyclization toward and away from chlorine
in 1h than for cyclization toward and away from fluorine 1f

agreement with experimental observations that nitrdfie
rearranges rapidly to a ketenimine in solufiband that 2,4-
difluorophenylnitrene undergoes ring expansion some 15 times
faster than 2,6-difluorophenylnitrené&dj.® Both 1f and 2,4-
difluorophenylnitrene can cyclize at an unfluorinatectho
carbon; but this is not possible in 2,6-difluorophenylnitrebg, (
since bothortho carbons are fluorinated ihc.

Our calculations also find that 2-fluorophenylnitrerid) (is
2.5 kcal/mol less stable than 4-fluorophenylnitrehé (indicat-
ing again that a-fluorine substituent actuallgestabilizeshe
open-shell singlet nitrene. In addition, the calculations predict
that, of the two possible cyclization modes of 2-fluorophenyini-
trene (L), the higher energy transition staeS1g) actually leads
to the more stable azirine produ@gj. Therefore, the relative
energies of azirine produc® and 2g cannot be responsible
for the relative energies of the transition states leading to them.

The optimized geometries @f and2g (Figure 1) suggest a
simple explanation for the lower energy of the latter.2igthe
C—N single bond length (1.532 A) is significantly shorter than (22) Getty, S. J.; Hrovat, D. A.; Xu, J. D.; Barker, S. A.; Borden, W. T.
that in either2f (1.626 A) or in unfluorinated azirina (1.622 J. Chem. Soc., Faraday Trans994 90, 1689.
(23) The ca. 3 differences between the-NC—F and N-C—H bond

(21) Although our CASPT2N/cc-pVDZ results agree fairly well with the  angles in the cyclization products are slightly smaller than the differences
experimentally determinedifferencesn barrier heights, the agreement with  in the transition states leading to these products. The fully forme#ii C
experimentally determinelarriers is less good. However, MRCI calcula-  bonds in the products presumably allow less flexibility in the geminal
tions indicate that CASPT2N overestimates the barrier to ring expansion N—C—F bond angles than do the partially formed-R bonds in the
of 1a° and a downward correction of the CASPT2N values by8Xcal/ transition states, so the smaller differences between th€-NF and
mol brings them into excellent agreement with the most recent experimental N—C—H bond angles in the products than in the transition states are
value of E; = 6.2 + 0.4 kcal/mol*8> understandable.
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2.067 1.630 interaction in2k, the two possible cyclization producj, and

96,9 A\ 1259 11450 \ (N-259 N 2k, have about the same energy.
HG 1_7'29 H 1797 While our results support the existence of substantial steric
effects on the cyclization ajrtho-substituted arylnitrenes, they

also suggest that steric effects alone may not provide a complete

1-275\:f\7 1.476

1.475 cl TS1h 2h explanation of the computed barrier heights in these systems.
1.732 For example, increasing steric destabilization of the reactant

0124 can explain why both the barrier heights for cyclization toward
12630,/ 103.8° 1266 N /260 hydrogen and the relative energies of the resulting products

1h 4

/ol H 4 '1/11&0" decrease in the orddf > 1h > 1j. However, it is much less
1.723 10'762 obvious how steric effects can explain why the barrier to
: cyclization toward hydrogen and the relative energy of the
cyclization product are also higher Ifithan inla, 1d, andle

TS1i 2i s
Figure 2. Selected CASSCF(8,8)/6-31G* optimized bond lengths (A) Conclusions ) o )
and angles (deg) for open-shell singlet 2-chlorophenylnitrétig (the In summary, our calculations indicate that@tho substitu-
transition states for cyclization away from chlorifES{Lh) and toward ent, even one as small as fluorine, interacts in a sterically
chlorine T'S1i), and the corresponding azirine produc2é @nd 2i). repulsive manner with the attacking nitrogen in the transition

states for cyclization at thertho carbon to which the substituent

to the larger size of chlorin®. An explanation of the differences s attached. Im,0'-disubstituted systems, such as pentafluo-
between the transition states for cyclization toward hydrogen, rophenylnitrene 1b) and 2,6-difluorophenylnitrenel¢), this
chlorine, and fluorine that is based purely on the electronic repulsion is unavoidable, and it leads to a considerably higher
differences between these substituents at dhbo carbons barrier to ring expansion than in phenylnitrede)( In contrast,
seems untenable. in 2-fluorophenylnitreneXf) cyclization away from fluorine is

For 2-methylphenylnitren€l(), cyclization toward CH (via predicted to have a barrier comparable to that for phenylnitrene
TS1K) is calculated at the CASPT2N/6-31G* level to have a (1a), whereas cyclization toward fluorine is calculated to have
barrier that is 2.0 kcal/mol higher than that for cyclization away a barrier some 34 kcal/mol higher. Our calculations also
from CH; (via TS1j). Dunkin and co-workers have, in fact, predict that in both 2-chloro-1f) and 2-methylphenylnitrene
found that 2,6-dimethylphenylnitrene undergoes inefficient ring (1j) only the product resulting from attack at the unsubstituted
expansion in a Bimatrix, and they suggested that the slow rate ortho carbon should be formed at low temperatures.
was due to steric blocking of the twartho carbons by the It has, in fact, been found that 2-methylphenyinitredg (
methyl group attached to each of thétnln addition, Sundberg  and other 2-alkylphenylnitrenes give rise to trapping products
and co-workers found that photolysis of several 2-alkyl- that are consistent with initial cyclization only at the unsubsti-

substituted aryl azides (including the precursor 1) in tutedortho carbon?® It is also known that both 2-fluorophen-
diethylamine afforded trapping products that are consistent with yInitrene (f) and 2,4-difluorophenylnitrene rapidly rearrange
initial cyclization to only the unsubstituteartho carbonz® in solution to trappable cyclic ketenimine3)¢ Based on our

The energy of the transition state for Cyclization toward COmpUta“Onal reSU|tS, we predlct that each of these fluorinated

methyl in 1j (TS1k) increased by 1.5 kcal/mol when we nitrenes gives rise, preferentially, to the ketenimine formed by
increased the steric bulk of the methyl group, as felt by the initial attack of the nitrene nitrogen at the unsubstitusetho
nitrogen, by rigid rotation of the methyl group, so that a methyl carbon.

C—H bond eclipsed the forming -€N bond. Relocating the Finally, we note that, while our computational results point
transition state geometry with this constraint gave a transition 0 substantial steric effects oftho substituents on the relative
state energy 1.1 kcal/mol higher (CASSCF/6-31G*) than the rates of ring expansion of phenylnitrenes, electronic effects
unconstrained transition state. In the constrained transition statendoubtedly play a role as well. Further work is needed to
the N-C—C(Hs) angle was 2.6 greater than in the uncon- €lucidate completely all the factors affecting the barriers to ring
strained transition state, as would be expected if the size of this€Xpansion in substituted phenylnitrenes.

angle were related to the effective steric size of the methyl Acknowledgment. We are grateful to Professor Matthew
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