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Abstract: We analyze conformational stereocisomerism in the sterically hindered 4a,4b-dihydrophenanthf&nes of
symmetry. Inthese labile photointermediates, steric hindrance brought about by disubstitution at the 4 and 5 positions
or by benzoannelation at the [c] and [g] bonds allows observation of two interconvertible intermediates denoted as
L andS. In such molecules, theoretical analysis suggests two low-energy struciueesiT). These differ in the

chirality of the polyene perimeter helix for one given configuration of the 4a,4b-ethane Gnéand T can be
distinguished by the position of atom paindiX4, or of the equivalent atom pair4s Xs with respect to the the

mean molecular plane. I8, atoms Hyand X, are on one side of the mean molecular plane, whil& etoms H,

and X, are on opposite sides of this plane. The same holds for the atom pgiXkl The C conformation is
assigned to the primary photocyclization productnfodification) in which the intersubstituent distancg—=2Xs is

short and where the angular hydrogens are quasi-antiperiplanar. This is the regular conformation of the unhindered
4a,4b-dihydrophenanthrenes. Theonformation is assigned to the secondary conform@mddification) formed
spontaneously from the primaty product. Here the distancesit+Xs and Hyp,—X4 are short, and in the case of
severe steric hindrance (% t-Bu) the angular hydrogens are anticlinal. The observed stability order (uSially

L at around room temperature, except in the 4,5-dimethyl, 4t&rtdbutyl, and 4,5-dichloro molecules) is the outcome

of steric hindrance opposing skeletal deformations,—Xs steric interactions are dominant in teforms while

the Hiz—Xs and Hyp—X4 interactions (and corresponding interactions in the [c] and [g] dibenzoannelated systems)
play a foremost role in th& forms. Computed strain energies frand T reproduce the observed stability trends

of L andS modifications. Differences in visible absorption band energies are traced to different extents of departure
from planarity of the polyene perimeter. Theintermediates assigned to the more pla@astructure are thus
predicted to absorb at longer wavelengths. The low intensity of the visible band linrttaifications is attributed

to symmetry-imposed cancelling-out of one-ethylene-bond transition moments. The present analysis explains also
the simultaneous existence and the observed range of values of potential barriers separating the two modifications.
The present analysis changes the previous structure assignment $oartdeé modifications of the dibenzo system,
leading to full agreement with the observed trend of the electronic spectra &dhdL modifications. Similar
considerations applied to the 4a,4b-dimethyl system suggest that its labile low-temperature interthggiat860

nm) could have & -like conformation.

Introduction reaction, requiring low activation energies of-2 kcal for
photoformation of2a and of many other unhindered 4a,4b-

dihydrophenanthrenés.

Molecular models oRa and molecular orbital computations
suggest an antiperiplanar (trans) conformation of the 4a and 4b
angular hydrogeris(Figures 1A and 2) consistent with the
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89-143. However, the ground state ring opening, while readily
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cyclic procesd, observable only because of the significant

Photocyclization otis-stilbene (&) gives rise to the colored
4a,4b-dihydrophenanthrene intermedi2égsee Scheme 1y3
This unstable molecule is formed in an allowed conrotatory
electrocyclic excited state proce®s:® This is an activated
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A :2a(ap)

B : 2a(ac)

t3
Figure 1. (A) ap canonical structure for systeria—2f. The dihedral angle: is 18C°. Rings A and C are quasiplanar. The distange-Xs is
short. X, and H, (as well as % and Hy,) are on the same side of the mean molecular plane.CThenformers are derived from the ap structure.
(B) ac canonical structure for syste@s—2f. The dihedral angle; is —120°. Bonds H,—4a and 4b-5 are eclipsed. Note that ring B is quasiplanar
and rings A and C are folded along axes4a and 4b-7. The distance X-Xs is large. % and Hi, (as well as % and Hy,) are on two sides of the
mean molecular plane (passing through bord© and the midpoint of bond 4a-4b). Theconformations are derived from the ac structure.

2a(R)

Figure 2. Minimum energy conformation a2a(R).
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Figure 3. Absorption spectra of the two modifications 2ff(10-2 M)

at 133 K in methylcyclopentare2-methylpentane (1:12f(L) (broken
line) was formed by irradiation with 313 nm light at 133 K. The full
line is an extrapolated spectrum @&f(S), obtained by thermal
equillibrium at 193 K, recooling to 133 K, and erasing remnaififL)
by irradiation in the visible2f(L) and2f(S) are identified respectively
with computed conformer&f(C) and 2f(T).

listed in Table 1 in ref 1) have a broad but weak visible
destabilization of the ground state of all 4a,4b-dihydrophenan- absorption band [fundamental polyene band, maximum at
threnes derived fron2a, relative to the ground state of their around 450 nme ~ 6700; its shape is similar to curve 2f(L) in
eductst-3a Figure 3]132
Unhindered 4a,4b-dihydrophenanthrenegy(lar, R series, 4a,4b-Dihydrophenanthrenes can serve as simple models of
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Table 1. Tricyclic 4a,4b-Dihydrophenanthrenes Bf L, andS Table 2. Pentacyclic 4a,4b-Dihydrophenanthrened.odind S
Modifications: Absorption Maximd, Exctinction Coefficientse, Modifications: Spectral and Kinetic Parameters
Activation EnergiesE, and Half Life-Time Valuesy, of Ring
i i 3,10,11
Opening (RO, LO, and SO), arld to S Interconversion (LS) Q L6 1is 105 Q93K) s 15 Keal

Q S:Ad422nm € 12x103 stable at 300K Ego 23.3Kcal
2a O Q R: L 450nm € 6.7x103 1tRo 96min(300K) O

Ero 17.5Kcal

Q L:a)A525nm 115 9ms (293 K); 6min (153 K)
CH,

S: 150 100ms (293K)

4b
e + 4+ L3ASS0nm To6ms(03K)  EioS5Keal

L: A480nm
2d F c 4c
S:A420nm 5o 300us (293K)
F F
2e o m L:® A530nm 7.0 4.1ms (300K)  Ejo13Kcal
A

L: A490nm 115045 (300K) Epg15Kcal

S:A440nm € 7x103 stable at 300K Esp 29 Kcal

L: A470nm ELs 15 Kcal

g "“

S: A420nm

ats
cl 4d O Q L: A470nm €6x103 1150.7s (323 K) Eps17 Kcal
L:A510nm €4x103 715 S0us (300 K)  Eps10 S: A415nm € 13x103
2f Kcal ’
CH;0 oCHy
% of S: A452nm € 9x103 T50 50s (300 K) aSee caption to Figurelvlz‘l“
a| is more stable thaB at low temperature® In these systemnis is Table 3. Dimethyl-Substituted Pentacyclic
more stable tha$. 4a,4b-Dihydrophenanthrenes lofand S Modifications: Spectral

and Kinetic Parametets

an ideal photochromic memory, of a very large scale optical
data storage medium, approaching molecular dimension resolu-
tion, or of molecular switching devices working in combined
photochromic and electrochromic modésIn this context, low
temperature operatiom~(L00 K) could be a real advantage
preventing occurrence of irreversible side reactions. For this
reason the study of molecular factors leading to the removal of
the potential barrier observed for the concerted photocyclization
is of much interest. Several observations made since the early
seventie¥ indicate that some molecular factors could indeed
abolish this potential barrier and permit photocyclization at low
temperatures. Experimentally, the most important factor is steric
hindrance introduced into the parent structure by substitution 4
at positions 4 and 5 in the tricyclic systelh&! (see Table 1).
Benzoannelation at bonds [c] and [g] (see Scheme 1, and Tables
2 and 3}? is another source of steric hindrance removing
sometimes (systen¥e and4d) the potential barrier to photo-
cyclization13.14 o
However, as its most remarkable effect, steric hindrance was
found to give rise to two modifications of 4a,4b-dihydrophenan-
threnest1011 [We reserve here the termodificationfor the _
experimentally observeR, L, andS forms. ConformationsC ® See caption to Table .
and T (see below) refer to the computed structures.] These
modifications were subsequently termedlasnd S,1314 the
absorption maxima of which are shifted to longer and shorter

L: A470nm €3.6x103 152.5s (323 K) stable T<233K.

de S: A410nm € 8.5x103 thermally stable T<300K.

X
L O

L: 15 0.85s (323K).

S: thermally stable at 300K. Both L and S modifications
observed by flash photolysis.

T

T

S: thermally stable at 300K. Both L and S modifications
observed by flash photolysis.

2 2
2

o

L:A470nm 115 1.8s (323K)

S: A420nm  stable at 300K

wavelengths, respectively, compared with their valugarcf.
values for2d in Table 1; for typical spectra see Figure 3). As
recently recognized, thé. modifications are the primary

(9) For recent work on molecular switching applications of 4a,4b- Photocyclization productd!4in the majority of systems, and
dihydrophenanthrene systems, see, e.g.: (a) Gilat, S. L.; Kawai, S. H.; Lehn,undergo an activated ground-state transformation intoShe

J. M. Chem. Eur. J1995 1, 275-284. (b) Kawai, S. H.; Gilat, S. L.; modifications
Posinat, R.; Lehn, J. MChem. Eur. J1995 1, 285-293. e . . .. .
(10) (a) Bromberg, A.; Muszkat, K. A.; Fischer, Brael J. Chem1972 The previous studiésled to the implicit conclusion that the
10, 765-773. (b) Castel, N.; Fischer, E.; Rauch, K.; Jabalameli, Nttiey more stableS conformer was traceable to the unhinderg] (
W. J. Photochem. Photobiol. A Chet989 50, 221-237. series of 4a,4b-dihydrophenanthrenes. However, results ob-

Ra(ulclg MKUJSZE%t(’)toK(.:h':r;n Clgr?éettl)’b'i\ldl; iaé%%ag‘leé?gelré_%tg‘a' W tained with4d and4e the 3, 3’ disubstituted derivatives dfa

(12) Wismontski-Knittel, T.; Kaganowitch, M.; Seger, G.; Fischer, E. (Tables 2 and 3), indicate that in fact theseries conformers

Re(cl. )Tra;.hChim. Pkaygs-Basw?g QE, 114-117. | A are the primary products in the majority of systems and need

13) Ittah,Y.; Jakob, A.; Muszkat, K. A.; Castel, N.; Fischer, E. ; ; ; i i

Photochem. Photobiol. A Cher991 56, 236247, to be dlrectly_related to thR series. Th|s_cc_)rrelat|(_)n is based
(14) Muszkat, K. A.; Jakob, A.; Castel, N.; Fischer, E.; Rauch, Kttey on conformational, spectral, and mechanistic consideratidris.

W. J. Photochem. Photobiol. A Chet991, 60, 193-205. As details of the photocyclization mechanism emerge from
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A : 4a(ap)

B : 4a(ac)

Figure 4. (A) ap Canonical conformation of systema—4h. (B) ac canonical conformation of systeda—4h.
studies on picosecond and femtosecond time sEafésand Scheme 2

from solvent effect studie’$,exploration of the conformational ~ Correlation between Experimental, Canonical and
space of 4a,4b-dihydrophenanthrenes is warranted to establish
if modifications analogous th and S of the hindered series

(H) could be involved in the photocyclization in tieseries.

In the present work we investigate the conformational space
of the 4a,4b-dihydrophenanthrenes@fsymmetry to suggest
structures and explain stabilities and photochemical character- Modification 4a,4b ethane state) Conformation
istics of observed stable and metastable photocyclization
intermediates. We applied the MM2 force fiéflas imple-
mented in MODEL2 under different steric hindrance regimes. L ap C
We find in all H systems two conformer€§; and T, derived
from the canonical forms ap and ac, respectively (Figures 1 and
4), which we identify with the experimentally observedand S A e T
Sintermediates (cf. Scheme 2). The computed characteristics
of theC andT conformers such as strain energies and skeletal
deformation, as well as the extent of planarity of the polyenic
unit, lead to a full understanding of the experimental properties
of the observed. andS modifications. [The first attemft at L - Long wavelength, usually metastable; primary product
deducing the structures of tHe and S modifications of4b
assigned d type structure to thé modification and &C type
structure to theS modification. The present, analysis which ap - Haa-Hyp dihedral angle 180° (Staggered, antiperiplanar)
includes the whole group of hindered 4a,4b-dihydrophen-
anhrenes, indicates that the early conclusion has to be reversed.fi€ - HiaHap dihedral angle -120° (Eclipsed, anticlinal)

In particular, we obtain good agreement between experimental C - Cis, Hy, and X4 onsame side of mean molecular plane
and computed stability trends 8fandL modifications. Their )
main spectral features can now be understood, and a satisfacton;r - Trans, Hsa and X4 onboth sides of mean molecular plane
model can be obtained for the potential barrier for the. S
ground state transformation as a function of steric hindrance.

Computed Forms

Experimental ~Canonical (Virtual, Computed

Features of Forms

S - Short wavelength, usually "stable"; secondary product

The computed structures of tikeandT conformers suggest
that two types of steric interactions control molecular stability

(15) Todd, D. C.: Fleming, G. Rl. Chem. Phys1993 98, 269-279. in ground and excited states: (@) interactions between substit-
. (égzisketgk,H?.;P;](ossréiuzﬁgga g:j%%rsi%bisun' Z.; Penn, J. H; uents at the 4 and 5 positions_ fta—2f and beMeen r_ings
re(17) Répi.nec,ls. 'I}/.;'Sension, R. J Szarka, A. 'Z.; Hochstrasser, R. M. annelated at bonds [c] and [g] #a—4h and (b) mte.racnon.s
J. Phys. Chemi1991, 95, 10380-10385. between angular hydrogenttind the X group at position 5 in
(18) Rodier, J. M.; Myers, A. BJ. Am. Chem. S0d.993 115,10791 2a—2f (and the parallel k—X4 interaction). The corresponding
10795. interactions in [c] and [g] benzo annelated system age-Hg-

(29) Allinger, N. L.J. Am. Chem. S0d.977, 99, 8127-8134.

(20) Steliou, K.,Program Model;Department of Chemistry, University and H-—Hg (for numbering inda see Scheme 1).

of Montreal, 1990. As we shall see, these interactions are directly responsible
_(21) Mohamadi, F.; Richards, N. G. J.; Guida, W. C; Liscamp, R.; for the greater stability of th& modifications, in system&f
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.Comput.  and4a—4h, both in ground and in excited states. In the excited

Chem 199Q 11, 440-467. e 2 . . : .
(22) Fe%uson’ D. M.: Gould, I. R.: Glauser, W. A.: Schroeder, S.; State of theS modification, these interactions result in a potential

Kollman, P. A.J. Comput. Cheml992 13, 525-532. barrier to photochemical ring opening, leading to significant
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Table 4. Alignment of Bond Transition Moments in Three Table 5. L andS Modification of
Lowest Exciton Transitions and Resultant Transition Momdnin 1,3,4a,4b,6,8-Hexamethyldihydrophenanthrénegnd L
Planar Conformation Modification of [2.2] Metacyclophanen&, and of
" 4,12-Dimethyl[2.2]metacyclophanené,
Transition Transition Moment Transition Moment M

L: A475nm €3100; A320nm €3100

CHa CHs
5 @ ELo 22.5Kcal; T 33hr (298K)
/4 \ S:A360nm ( T<210K)
e A
Fundamental Q \ 0
- -

L: A500nm €3500; A319nm €18400
ELo 20.3Kcal; T 61hr (298K)

Diagram (in M units)

T\
1st Overtone / QQQ 3.46

. . L: A520nm €3000; A323nm €16000

ELo 15Kcal; T 916hr (298K)

2d Overtone. QQQ 20 a See footnotes to Tables—B.1325.26
~ - planarity is strengthened by the MeHs and Mey—H4
repulsion in5, and by the effect of the45 ethane bridge i%
fluorescence intensity. Furthermore, the dependence of such@nd 7. These systems are thus considered to be forced into
interactions on the nature and size of substituent is also €xaggerated. (i.e., C type) conformations. In the case of a

responsible for special situationh( 2c, and2e) where theS strictly planar coiled hexaene, the transition moment for the first
modifications (not observed ifc and 2€) are less stable than ~ Overtone band obtained by vector addition amountite=
the L modifications. This is also the case in 3.4am, explaining why in all modifications of 4a,4b-dihydro-
phenanthrenes this band is stronger than the fundamental (see

Electronic Spectra of L and S Modifications Table 4).

We noted before that the modifications (con_f(_)rm_atiom) Computed Structures
absorb at longer wavelengths than tBemodifications of ] o
conformationT. As theC conformations are the more planar, ~ Computation Method. The minimum energy structures,

this is the relationship required by considerations of planarity. Strain energies, and reaction profiles were computed by the
While the trend of transition energies is thus understandable, Program MODELZ® The MM2 force field developed by
the observed intensity relationship of the fundamental (visible) Allinger'® was used in the present study. This force field has
transition s > ¢, (cf. Tables +3 and Figure 3) posed an initial ~ een widely tested in ground state studies of conformeric and
difficulty. Again, from general planarity considerations we isomeric aliphatic and cyclic hydrocarbon systems. The com-
would expect, > es. The reason for the observed surprising Puted energies, energy differences, geometries, and conforma-
situation became clear once the explicit dependence of thetions usually agree very closely with the experimental d&ta.
transition moment on the molecular structure of the two In particular, the MM2 force field was found to yield good
modifications was taken into account. Basing our discussion €nergy estimates for strongly hindered and strained molecules.
on the exciton mod&t24invoked in our previous analyséda In anot_her comprehensive stuqu this force field was found to
we note that the transition momenit of polyenes (made up of 9V rgllqble conformer geometries and. cgnformer energy values
weakly conjugated chromophore units) can be approximated by Very similar to those provided by tre initio computations?

a vector sum of oriented ethylene unit transition moments ~ The computations for2b—2f were performed on the 4,5-

M adds up to 0 in the case of the fundamental transition of a disubstituted molecules. o

strictly planarcoiled hexaene with ther electron topology of Definition of Canonical Forms and Classification of
2a(see Table 4). These results explain the low intensity of the Minimum Energy Conformations. The description of the
fundamental transition in the 4a,4b-dihydrophenanthrenes of theStructures of the minimum energy conform@sandT listed

L modification in theH series ¢ ~ 5000-7000; Tables 3) in Table 6 is facilitated by the definition of two canonical

and in theR series (cf. Tables in ref 1). However, in the case conformations, ap and ac (Figures 1A, 1B, 4A, and 4B),
of definitely nonplanar systems such as $wmodifications C, originating from the two torsional states of the central ethane
Symmetry), the vector sum Of the un|t momemss nonzero, Un|t Conformation ap (antipel’iplanar, 4a,4b-tranS) |S 0bta|ned

its value depending on the exact conformation. We can thus Y requiring that the ethane dihedral angle,{t#a—4b—Hap
understand the general trend (cf. Figure 6 in ref 14, Figure 5 in (72) be 180 [7umn is measuredcw, from mn to ki]. Conforma-

ref 13, and Figures 1 and 2 in ref 10) that > _for the tion ac (anticlinal) is derived by requiring that the same dihedral
fundamental transition (in generak ~ 2 ¢, cf. Tables +3). angle be-12C°. Rings A and C are quasiplanar in ap. In ac,
The far-reaching cancelling-out of the one-bond components fing B is quasiplanar, bonds.k-4a and 4b-5 are eclipsed,
predicted for the. modifications is borne out by the very low ~a@nd the distance X-Xs is long. We shall apply the mean
values for the exctinction coefficients for syste&$, and72526 molecular plane (passing through bond® and midpoint of
(Table 5). Thus in 1,3,4a,4b,6,8-hexamethyl-4a,4b-dihydro- bond 4a-4b) to correlate ap and ac with the corresponding
phenanthrenes), e, = 3100; in the [2.2]metacyclophanen@s minimum energy conformation€ and T. The canonical
and7, e ~ 3000-350025 In these systems the tendency for conformations ap and ac and the minimum energy conformations
C andT can be characterized by the values of the dihedral angle

(23) Simpson, W. TJ. Am. Chem. Sod.955 77, 6164-6168.

(24) Murrell, 3. N.The Theory of the Electronic Spectra of Organic (26) Ramey, C. E.; Boekelheide, ¥.Am. Chem. So497Q 92, 3681
Molecules Methuen: London, 1963; Chapter 7. 3684.

(25) Naef, R.; Fischer, Edelv. Chim. Actal974 57, 2224-2233. (27) Bondi, A.J. Phys. Cheml964 68, 441—451.
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Table 6. Molecular Mechanics Computation Results for Conformers of 4a,4b-Dihydrophenanthrenes

torsion angles, dég distances, A
conformer energy, kcal 7, 4—4a—4b—5 71 Haa—4a—4b—Hap 738a-9—10-10a 74 7—8—8a—9 X4—Xs Xa—Hap
2a (R) 14.25 64.0 —173.1 —16.6 —165.8 2.19 2.98
2b (T) 25.65 88.7 —152.8 -5.9 —155.4 3.19 2.80
2b (C) 24.88 35.6 157.7 —26.1 —177.3 3.29 4.07
2c (T) 51.85 130.0 —97.8 11.1 —137.6 5.16 2.75
2c (C) 46.28 27.0 145.6 -27.7 —178.3 4.18 4.40
2d (T) 18.76 80.6 —158.4 —10.5 —158.9 2.54 2.71
2d (C) 18.93 45.7 168.3 —23.0 —174.2 2.49 3.64
2f (T) 28.83 83.9 —153.5 -7.0 —157.5 2.78 2.58
2f (C) 30.37 35.7 160.3 -25.1 —176.2 2.88 3.82
4a (T) 40.97 88.3 —151.5 —43 —155.5 331 2.69
4a (C) 41.76 37.8 161.3 —24.8 —177.4 2.99 3.91
4e (T) 41.46 90.8 —147.8 —4.5 —176.2 3.43 2.69
4e (C) 43.43 345 160.0 —26.1 —176.4 3.08 4.02
5(C) 30.36 73.2 —168.9 —18.5 —176.6 2.25 3.08

a ConformersC and R are derived from canonical forrap and correspond to the experimentally obsertedodifications. Conformer§
(derived from canonical fornac) correspond to the experimentally obsen@dnodifications.? For 4a and 4g the following correspondence of
torsional angles appliest;, 4—4a—4b—5= 8'a—1'-1"—-8"a; 11, Haa—4a—4b—Hs, = Hy—1'—1"—Hy+; 73, 8a-9—10—10a= 2"—2—1-2'"; andta,
7—8—8a—9 = 4'—-3"—2"—2. °From quaternary carbof.From etheric oxygen.

71 and the dihedral angles4la—4b—5 (z,), 8a—9—10-10a some departure from coplanarity of ring B and ring A or C.

(t3), and ~8—8a—9 (r4). Thust,is 6C° in ap and 120in ac; The same situation is seen in otherconformers, and ir2c-
73, which measures the distortion of ring B from planarity, is (T), the distortion is even stronger.
0° in both canonical forms ap and aay is a measure of Moderately Hindered 3-Ring ap- and ac-Type Conformers

divergence between planes of ring B and ring A (or ring C). (Figure 5A and B). Two such systems, the tetramethgby
The computed conformatiorid andT (Table 6) are derived  and the tetramethoxy2f), were investigated, and clearly show
from the two canonical forms (ap and ac, respectively). The local energy minima corresponding to ap- and ac-type confor-
as well as ap conformations have both, Bind X, (and similarly mations. The trend of the; values seen ir2d continues. In
Hap and Xs) on the same side of the mean molecular plane. 2b(C) and 2f(C) these angles are overextended by 2a8d
The T conformations (as well as the ac canonical forms) have 19.7, respectively. In2b(T) and 2f(T) this angle is still far
Hsa and X, on opposite sides of the mean molecular plane. The from its value in ac (by 328and 33.5, respectively). The
same obviously holds for 4 and X% [cf. Figures 1 and 4]. X4—Hyp distances ir2b(T) and 2f(T) are smaller than in the
R Series (Figure 2). These ap-like conformations are ap-type conformer2b(C) and2f(C), as this is the dominant
obtained in all 4a,4b-dihydrophenanthrenes devoid of sterically close approach distance, going frdinto T. The differences
hindering groups at the strategic positions 4 and 5 (as well asamount to 1.27 A in2b and to 1.24 A in2f. , is 88.7 in
4a and 4b) and devoid of dibenzoannelation at bonds [c] and 2b(T) and 83.8 in 2f(T), compared with 80.5in 2d(T). See
[g]. In this study theR series is represented by the parent Figure 2 in Supporting Information for a stereoview 2i{C)

molecule2a. Compared to its value in apy(= 18C°), 71 in 2a and 2f(T).

(—173.7) is slightly over-extended. This is probably the Severely Hindered 3-Ring ap- and ac-Type Conformers
outcome of the repulsions in thesd+Hs and Hy—Hs pairs. (Figure 6, A and B). The consequences of the severe hindrance
Ring B (formula2 in Scheme 1) is nonplanar. ThesHHs are evident in bottC andT conformers of the tetréert-butyl

repulsion can be accommodated without having recourse to ansystem2c. t; (145.6) is severely overextended in the ap-type
ac-type conformation with its inherentskt+Hs and Hypy—Hg4 form 2¢(C), by 34.3, because of the %-Xs repulsion. In the
repulsions. No local minima of ac-type [e.®Ra(T)] were ac-type conformer2c(T), 71 (—97.6") is well beyond its
encountered in the conformational searches. canonical form value of-12°. The torsion around the-83a
Slightly hindered 3-Ring ap- and ac-Type Conformers. bond in this conformerty, —137.6) is large. The %—Xs
One such case (the tetrafluoro systeth®) was studied. Both ~ separation is larger i2¢(T) than in 2¢(C) [5.16 vs 4.18 A
C (ap-like) andT (ac-like) conformers are evident in the between methyl carbonslr, in 2¢(T) is 130.0, larger than in
conformational search (see Figure 1 in the Supporting Informa- the canonical ac form, and much larger than the valuexdin
tion). In 2d(C) r; = 168.3 is overextended due to the+Fs (T), 2b(T), and2f(T). This is a consequence of the largg-X
repulsion. Because of the smallness of thgHFs and Hip— Xs repulsion in2¢(C). In 2¢(T), the value ofr, (—137.6) is
F, interactions;y in 2d(T), (—158.4) is larger than in act another indication of the severity of the steric hindrance. The
= —12C°) by 38.2. The R—Fs distance is slightly smaller in ~ value of this angle exceeds by some’ 20e values found in
2d(C) than in 2d(T). The R—Hay, distance is significantly ~ the T conformers of the other tricyclic 4a,4b-dihydrophenan-
smaller in2d(T) than in2d(C), 2.71 vs 3.64 A. The, angle threnes.
is 45.7 in 2d(C), and much larger, 8026in 2d(T). This angle Five Ring Systems 4a and 4e (Figure 7, A and B)The
increases with the extent of steric hindrancmand2c. In values of the torsional angig of the angular hydrogens (H
2d(C), the distortion of ring B2 in Scheme 1) as measured by 1'—1"—H;-) in theT andC conformations indicate moderately
73 (—23°) is slightly larger than irRa. 73 is close to this value hindered systems resembling in this sense sys@and 2f.
in the C conformers of all 4a,4b-dihydrophenanthrenes (see In the C conformer of4a this angle is overextended by 18.7
Table 6). Ring B in2d(T) as well as in otheT conformers as (compared to ap). IMa(T) 71 is 31.5 short of the value
measured byrs is less distorted than in th€ conformers assumed in ac. Thed+Hg: distance (corresponding tos%
(—10.5 vs —23.C?). As judged by the value af;, ring B and Xs in the tricyclic systems) is decidedly longer in tie
ring A (and ring C) are almost coplanar 2u(C) as well as in conformer (3.31 vs 2.99 A), while the;HHg- distance is much
all C conformers. Ir2d(T), the value ofr, (—158.9) indicates longer in theC conformer (3.91 vs 2.69 A)z, in 4a(T), 88.3,
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A : 2b(Q)

B : 2b(T)

A: 2¢(C)

B:2c(T)

Figure 6. (A) Minimum energy conformation 02c(C). (B) Minimum energy conformation dtc(T).

and in 4e(l’), 90.8, is well below the value in the severe nelated moleculeda and 4e represent cases of intermediate
hindrance caser, = 130.0° in 2¢(T). Thus the two benzoan-  steric hindrance, together wih and 2f.
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A: 4a(0)

B: 4a(T)

Figure 7. (A) Minimum energy conformation o#a(C). (B) Minimum energy conformation cfa(T).

Table 7. Computed Strain Energy Differenc&& = E(C) — E(T)
of 4a,4b-Dihydrophenanthrenes (in kcal/mol)

2b 2c 2d 2f
—-0.77 —5.57 0.17 1.54

4a
0.79

de
1.97

AE

4a,4b-Disubstituted Tricyclic System 5. The low-temper-
ature labile photointermediate obsert&dmax= 360 nm) could
well be aT-type conformer. The MODEL search, however,
finds only the regula€ conformer (Table 6), which corresponds
to the room temperature ap-type form.

The Relative Stabilities of C and T Conformers. Com-
parison with Observed Stabilities of L and S Modifications.
Table 6 lists the computed strain energies ofGhendT pairs.
The differencesAE = E(C) — E(T) listed in Table 7 can be
directly correlated with the experimental relative stability data
for theL andS modifications listed in Table 1. Table 7 shows
that in systen®2b, and the more so ific, C is more stable than
T. In these systemd, is indeed the observed modification.
This modifiation is both the primary product b and2c and

the one that is the more stable. Nevertheless, time-resolved

experiments indicate some conversion Lofinto S at room
temperature. In systen®$, 4a, and4e, C is less stable than.
This result explains the observed ground state conversian of
(primary modification) intdS (short wavelength modification).
In system2d the T conformation is slightly the more stable
(by 0.17 kcal/mol). Experimentallyl. and S are almost
isoenergetic.

Activation Energies for the L — S Process. The energy
minimizations were carried out pointwise for geometries

4,5-Difluoro 4a,4b-Dihydrophenanthrene

2 T B B e — — -
@ 1.5 7
[-]
E |
©
g .l ]
>
>
@
c
@ 0.5 7
o ap
2
s ac
°
(4 0
-0.5 — S G T S S - S
40 50 60 70 80 90

Dihedral angle 5-4b-4a-4 (°)

Figure 8. Computed potential energy barrier for interconversion of
2d(C) (ap) to2d(T) (ac) by torsion alongx.

computed energy difference of 0.17 kcal/mol betw&emdC
(Table 7) is in agreement with this observation.

Figure 10 shows the potential energy profile for Be T
interconversion along the, torsion coordinate oRb. This
profile indicates an activation energy of approximately 6.5 kcal/
mol. Experimentally, the time-resolved study at room temper-
ature indicates a fast ground state— S interconversion (see
Table 1), slowing down completely at low temperatuftas
expected of an activated process.

Figure 11 shows th€—T interconversion profile along the
Hy—Hg coordinate in thela system. The activation energy

constrained along an approximate reaction coordinate, allowing along this coordinate amounts to 6.5 kcal/mol. Experimentally

rough potential energy barriers estimates forlthe- S process.

(Tables 2 and 3), the — S activation energies amount to 15

Figures 8 and 9 show such potential energy profiles for two 17 kcal/mol.

reaction coordinates for the interconversion2af{C) and 2d-
(T) by torsion alongr,, and by approach along the-FHa line.

Rigidity of S and L Modifications. The S modifications
show vibrationally resolved visible spectra. One is therefore

Both coordinates indicate activation energies of the order of led to conclude that the S modifications are more rigid than the

1.3—-1.7 kcal/mol for theL — Sinterconversion. Such values

L modifications, whose visible spectra are invariably broad and

are commensurate with the experimental observation of a structureless. A typical case illustrating the spectral differences

dynamic equilibrium between the two fori#¥. The very small

is shown in Figure 3. The same conclusion can be reached by
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4,5-Difluoro 4a,4b-Dihydrophenanthrene

< T L B S— L I

1 v =

Relative energy (Kcal/mole)

0.5 ap
ac
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Distance H4b - F (A)

Figure 9. Computed potential energy barrier for interconversion of
2d(C) (ap) to2d(T) (ac) by changing the distanceyHF,. The rising
ap branch is due to constraining the molecule to the ap geometry.

4,5-Dimethyl 4a,4b-Dihydrophenanthrene
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Figure 10. Computed potential energy barrier for interconversion of
2b(C) (ap) to2b(T) (ac) by torsion along, (4—4a—4b—5).

[c,g] Dibenzo-4a,4b-Dihydrophenanthrene
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Figure 11. Computed potential energy barrier for interconversion of
4a(C) (ap) toda(T) (ac) by changing the distanca:-HCg-. Both rising
branches of ap and ac are shown.

considering the initial values of the slopes of ti@e-T
interconversion potential energy profiles for deformation about
71 Or 72 (defined in Table 6). These are much larger for The
than for theC conformers. Thus ir2d (Figure 8), the initial
slopes for deformation along, are 0.04 kcal/deg foml and

J. Am. Chem. Soc., Vol. 119, No. 4093997

Table 8. Strain Energy Components of Conformers of
4a,4b-Dihydrophenanthrenes

energies (kcal/mot)

conformer E str bnd s-b tor vdw  dip
2a(R) 14.25 0.64 0.93 0.07 4.42 7.14 1.05
2b(T) 2565 177 486 035 836 9.22 1.08
2b(C) 2488 104 6.72 0.03 6.95 9.15 1.00
2¢(T) 51.85 4.14 1523 0.62 1541 15.37 1.07
2¢(C) 46.28 341 1534 0.34 12.86 13.35 0.99
2d(T) 1876 0.79 159 014 797 719 1.07
2d(C) 1893 0.77 321 006 585 7.81 1.24
2f(T) 2883 184 644 0.23 6.89 1264 0.78
2f(C) 30.37 148 935 015 590 1293 0.56
4a(T) 4097 150 3.80 0.18 16.28 17.72 149
4a(C) 41.76 1.33 542 0.08 15.04 18.46 1.44

aE: MM2 strain energy. str: stretching. bnd: bending-bs
improper stretchingbending. tor: torsion. vdw: van der Waals. dip:
dipolar electrostatic interaction.

0.02 kcal/deg forC. Steric hindrance provides the force
opposing the deformation.

Excited State Processes of L and S Modifications Ex-
perimental data on the excited state processe& @hd S
modifications of 2f and 4a and its derivativesdb—4h are
availablet®~14 pointing to the following general properties. The
L modifications (assigned presently to tke conformation)
undergo excited state ring cleavage to thediaryl ethylene
educts. Due to this instability they are necessarily devoid of
any fluorescence. The immediate reason for the ring-opening
reactivity and lack of fluorescence is thg-XXs repulsion (or
the equivalent 88" repulsion inrda—4h). This steric hindrance
provides a permanent force destabilizing the excited state, and
is obviously absent in th& modifications T conformation).
The S modifications require significant activation to undergo
excited state ring cleavage. Understandably, their stable but
constrained excited state can undergo radiative decay, giving
rise to significant fluorescence of thesrmodifications!®—14

The temperature dependence of the excited state ring opening
process in th& modification can be attributed to the necessity
of excited state activated conversion of the more stdble
conformation to the labil€ conformation, which can undergo
ring opening because of the destabilization due to theXs
repulsion (or the equivalent-8" repulsion).

Analysis of the Contributions to the Strain Energy. The
MM2 strain energy is made up of leading contributions from
van der Waals (vdw), torsion (tor), and bending (bnd) terms
(see Table 8). Less important terms are contributed by the
dipolar electrostatic interactions (dip) and the stretband
interaction (s-b). Obviously, the van der Waals term accounts
for only part of the strain energy. Nevertheless, the B{G)/

E(T) relationships discussed above, i.e., &L) < E(T), found

for 2b and2c, and (B)E(C) > E(T), found for2d, 2f, and4a,

are seen to correlate directly with the trends of the van der Waals
term. Thusin A, vdw() > vdw(C), found for2b and2c, while

in B, vdw(C) > vdw(T), which was found fo2f, 2d, and4a
Unexpectedly, vdwg) in 2cis significantly smaller than vdw-
(T), probably the effect of 4aXs and 4b-X, interactions in
2(T).

As seen from Table 8, the stretching, stretchibgnding,
and torsional terms for thE conformers are consistently larger
than for theC conformers, whereas the bending terms are
consistently smaller. The trend of the torsional energies is a
consequence of the more planar structure ofGrenformers.

Correlation of Potential Barrier to Photocyclization with
Extent of Steric Hindrance. The possibility that the photo-
cyclization potential barrier is removed by high steric interaction
is suggested by the findings thaih, 2c, and2e as well asdd,
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4g, and4h, photocyclize at low temperaturés!1.13.14 Within resulting in the dominance of the modification. Finally, we
the simple model of the photocyclization process, the potential wish to mention the highly likely possibility that dual conformers
barrier arises from the intersection of two harmonic oscillators similar toC andT are formed in cyclic photochromic systems
representing product and educt. Steric hindrance can be takerf bianthrones and bianthryliden&$?

to correspond to a high vibrational state of the unhindered
molecule. In this state part of the potential barrier has already Ki
been surmounted and is not required for crossing into product.

Other Systems. The chloro-4a,4b-dihydrophenanthre?e Supporting Information Available: Stereoviews of ap and
was not included in these computations. Nevertheless, on theac conformers of 4,5-difluoro- and 4,5-dimethoxy-4a,4b-dihy-
basis of the above analyses, its conformeric behavior seems tagdrophenanthrene2fi(C), 2d(T), 2f(C), and 2f(T)] (3 pages).
be well-understood. Thus the long-wave modificat@e(L) See any current masthead page for ordering and Internet access
is clearly the sole observable photocyclization product (ref 11, Instructions.

p 224). In this respect, the same conformeric behavior as jagg2575v
observed and computed f@b, the other moderately hindered 28) (@) Price. 5. L St YRR T Rowad RS Thom

. . . a rce, S. L.; one, A. J.; Lucas, J.; Rowland, R. S.; orniey,
3-ring system, is to be expected. Indeed, on the basis of the, £ 73 "Am Chem. S04994 116 4910-4918. (b) Unpublished results
similar van der Waals volumes of GHind CI (13.7 vs 12.0  communicated by Prof. B. S. Green (School of Pharmacy, Hebrew
As),27 this is the outcome to be expected. Moreover, in the Uné\éggsﬁnggk];ru;a'l“ermfhe Chemistry of Quinonoid Compoun@sitai
case of2e, thG_E.S.peCIfIC stabilizing C1-Cl 'nterfiCt'Oﬁs should S., Rapoport, Z E-ds..; Wiley: Chichester, 1988; Vol. 2, Part 1, p;r2’03
exert a stabilizing effect or2e(C) (the ap-like conformer) 224,
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