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Abstract: The quinone methide (QM) rhodium complex of 3,5-bigéti-butylphosphinomethyl)-2,6-dimethyl-
4-methylene-3,5-cyclohexadien-1-one (1) (vas protonated by trifluromethanesulfonic acid (triflic acid) at

the quinonoid carbonyl group giving the unique methylene arenium complex (CI)RRRFHSG:™ (2).
Complexe<2 and its (trimethyl)silyl analogue3] were fully characterized spectroscopically, and comg@ex

was also characterized by single-crystal X-ray analysis. The crystallographic studidsawa revealed that

the positive charge is delocalized between the carbon atoms of the ring with most of it being at the para- and
ortho-carbon atoms. The electron deficient QM complex (CO)RhCF3sSG;~ (4), which has also been
crystallographically characterized, is less basic, requiring excess of triflic acid to obtain the methylene arenium
complex (CO)RH[LH]2CFKSO;~ (5), demonstrating a dramatic effect of the electron density on the metal
center on the stability of the methylene arenium species. Wheas reacted with-23 equiv of MeLi formation

of two complexes, MeRh[3,5-bis(dért-butylphosphinomethyl)-2,6-dimethyl-4-methylene-3,5-cyclohexadien-
1-en] @) and its ortho-xylylene isomer7), took place. Complexe€ and 7 represent the first example of
thermally stable xylylenes coordinated via only one of the exocyclic double bonds. 6Btk 7 undergo
protonation by CESO:H giving as a single product the arenium complex ;88;Rh[3,5-bis(ditert-
butylphosphinomethyl)-1,2,6-trimethyl-4-methylene-3,5-cyclohexadi¢@fSO;~ (8). 1°C NMR studies
performed on the arenium complexes shows no para-substituent effect on the chemical shift of the coordinated
CH, group and that this group does not patrticipate in the positive charge delocalization. Thus, the reported
methylene arenium compounds can be viewed as a resonance form of a benzyl cation stabilized by metal
complexation.

Introduction o] o]

Quinone methides (QMs) are postulated as intriguing tran- [ i:_/ﬁ

sients in various biochemical transformations and are of general
importance in modern organic chemist. Substitution of one
of the carbonyl groups in benzoquinones for a methylene creates p- quinone methide o- quinone methide

hlghly reactive species, which, In contr_ary. to the parent structure negligiblé. Even those having stabilizing substituents
quinones, undergo spontaneous oligomerizarion that preventsy jhe methylene group are known to undergo fast reactions with
their isolation from solutios. both nucleophiles and electrophiles giving products of 1,6-
Most of these compounds have only been observed in dilute addition. For example, rapid formation of the corresponding
solutions. So far, no simple QMs, i.e., not bearing substituents phenols takes place when QMs are reacted at room temperature
at the methylene group, have been isolated, except in two casesvith water or alcohols even at low concentration in solufion.
when fused aromatics are involved, making the quinonoid This general instability is attributed to a high tendency of QMs
to undergo aromatization.
" Department of Organic Chemistry. We have recently demonstrated that metal coordination to

* Department of Chemical Services. . . . .
(1) F%r general reviews see: (a) Turner, @uart.Re. 1964 18, 347. the exocyclic methylene group in a chelating PCP-type ligand

(b) Wagner, H.-U.; Gompper, R. lithe Chemistry of the Quinonoid ~ System makes the QM moiety remarkably stable toward
CompoundsPatai, S., Ed.; Wiley & Sons: New York974 p 1145. (c) reactions with nucleophiles and electrophffe€omplex1 does

Volod'kin, A. A.; Ershov, V. V.Russ. Chem. Re1988 57, 336. (d) Peter, ; ; ;
M. G. Angew. Chem., Int. Ed. Endl989 28, 555, () Shevehenko, S. M. not react with water or alcohols even upon heating. Its high

Apushkinskii, A. G.Russ. Chem. Re1992 61, 195. (f) Wan, P.; Barker, thermal stability has also been noted.
B.; Diao, L.; Fischer, M.; Shi, Y.; Yang, GCan. J. Chem1996 74, 465. Here we present the results of our studies on the reactivity
(9) Gunatilaka, A. A. L. InProgress in the Chemistry of Organic Natural  of the QM complexl towardstrongelectrophiles and nucleo-
Products Springer-Verlag: Wein-NY 1996 Vol. 67, 1.
(2) For reviews dealing with biological applications, see: (a) Moore, H. (4) (a) Starnes, W. H., Jd. Org. Chem197Q 35, 1974. (b) Boger, D.
W.; Czerniak, RMed. Res. Re 1981, 1, 249. For recent reviews, see: (b)  L.; Nishi, T.; Teegarden, B. Rl. Org. Chem1994 59, 4943.
Moore, H. W.; Czerniak, R.; Hamdan Brugs Exptl. Clin. Res1986 12, (5) For quantitative studies, see: (a) Leary, G.; Miller, I. J.; Thomas,
475. (c) Sugumaran, MBioorg. Chem1987, 15, 194. (d) Thompson, D. W.; Woolhouse, A. DJ. Chem. Soc., Perkin Trans. 1977, 1737. (b)
C.; Tompson, J. A.; Sugumaran, M.; Moldeusem. Biol. Interactions Richard, J. PJ. Am. Chem. S04991, 113 4588. (c) Richard, J. P.; Amyes,
1992 86, 129. T. L.; Bei, L.; Stubblefield, V.J. Am. Chem. S0d.99Q 112 9513.
(3) Filar, L. J.; Winstein, STetrahedron Lett196Q 25, 9. (6) Vigalok, A.; Milstein, D.J. Am. Chem. S0d.997, 119, 7873.
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philes. Interestingly, electrophilic attack on the quinonoid
oxygen atom produces a unique methylene arenium species
stabilized by metal complexation, while reactionlaofith MeLi
results in unusually thermally stable mexglylenecomplexes

in which the metal is bound to only one double bond. The
latter can also be converted into the methylene arenium metal
complexes. Although numerous examples of isolated arenium
o-complexes (Wheland complexes), crucial intermediates in

electrophilic aromatic substitution, have been repofttthse
having an sp hybridized ipso-carbon atom (i.e., methylene

arenium resonance form of a benzyl cation) are yet unknown.

Metal complexation allowed us to stabilize and crystallographi-
cally characterize such a species.

Results and Discussion

1. Reaction of the Quinone Methide Complex 1 with
Strong Electrophiles. When a toluene solution of the red
complex 1 was treated with 1 equiv of triflic acid (HOTf,
HOSQO,CR;), formation of green crystals of the proton adduct
2 took place in quantitative yield. Similarly, reaction bfvith
MesSIOTf resulted in formation of the silylated addw®{eq
1). Multinuclear NMR spectroscopy dt and 3 and X-ray

P'Bu, P'Bu,

(] A _

0 \Th—CI RO \Thfm oTf
P'Bu, P'Bu,

1 2,3

R*OTy
M

R= H (2); SiMes (3)

crystallographic analysis & proved these adducts to be the
first known arenium compounds with ar?dpybridized ipso-
carbon atom Protonation ofl is a reversible process, and
addition of a base such as NaOAc to a solutior2 @ésults in
complete deprotonation of the latter to gize No protonation
of 1 with 1 equiv of p-toluene sulfonic acid took place,
indicating that the K, of 2 is lower than that of this acid
(<=-78

Green crystals of complef have been obtained by slow
evaporation of a ChkCl, solution of2 at room temperature. A
perspective view of a molecule & is shown in Figure 1.

Selected bond distances and bond angles are presented in Table

1. The X-ray structure d? demonstrates substantial averaging

of the carbonr-carbon bond distances of the pseudo-aromatic

ring in comparison with the ones in the parent comgdlexThe

Figure 1. ORTEP view of a cation o2 with the thermal ellipsoids at
50% probability. The hydrogen atoms (except H(1a), H(1b) and H(1c))
are omitted for clarity.
Table 1. Selected Bond Lengths (A) and Angles (deg) #or

(a) Bond Lengths

Rh(1)-C(1) 2.032 (5) C(11yC(12) 1.446 (6)
Rh(1)-C(11) 2.229 (4) C(12yC(13) 1.373 (6)
C(1)-C(11) 1.452 (6) C(13)C(14) 1.416 (6)
Rh(1)-CI(3) 2.3063 (13) C(14)C(15) 1.415 (6)
Rh(1)-P(2) 2.3438 (13) C(15)C(16) 1.382 (6)
Rh(1)-P(3) 2.3426 (13) C(1HC(16) 1.441 (6)
C(13-C(17) 1.503 (6) C(14y0(1) 1.338 (5)
(b) Angles
P(2-Rh(1)-P(3) 168.28(4) C(}C(11)-Rh(1) 62.9 (2)
P(2-Rh(1)-C(1)  88.4(2) C(12¥C(11)-C(16) 120.0 (4)
P(2-Rh(1)-C(11) 85.23(12) C(13)C(14)-C(15) 123.9 (4)
C(1-Rh(1-C(11) 39.5(2) C(11C(12-C(13) 119.8 (4)
Rh(1}-C(1)-C(11) 77.6(3) C(12yC(13)-C(14) 118.2(4)

Importantly, the C(14}0(1) bond distance of 1.338(5) A no
longer represents a double bond, and it is just slightly shorter
than that in phenol (1.368 A}. This bond length compares
well with the value of 1.348 A calculated for thehydroxy-
benzyl cation? Significantly, the arenium ring has little effect
on the methylene double bond length (1.452(6) A) which is
within the range expected for a coordinated double bond (cf.
1.441(8) A in1),23whereas the RRC(11) distance has become
somewhat longer than that ih (2.229(4) A vs 2.183(5) A,
respectively). Notably, the bond angles at C(11) are almost
perfectly trigonal, indicating that the system should be viewed
as a methylene arenium complex rather than a metallacyclo-
propane arenium. The RIC(12) distance of 3.0135 A excludes
the possibility of az-allylic interaction.

The 3P NMR spectrum oR shows a doublet at 26.23 ppm
Wwith Jrnp= 104.4 Hz. It is noteworthy that this chemical shift,

(10) For other examples of crystallographically characterized benzyl
cations, see: (a) Laube, T.; Lohse,JLAm. Chem. S0d.994 116, 9001.

incomplete averaging indicates asymmetric charge distribution (b) Laube, T.; Hollenstein, Sielv. Chim. Actal994 77, 1773. (c) Solari,

inside the ring with most of the charge being localized on the
ortho- and para-carbon atoms.
recently reported regarding the structure of the cumyl c&tién.

(7) Taylor, R.Electrophilic Aromatic Substitutiodohn Wiley & Sons,
New York, 1990.

(8) (a) Gordon, A. J.; Ford, R. AThe Chemist's CompanioiViley &
Sons: New York, 1972; p 61. (b) Protonation of cyclohexadienones by
strong acids to give eegular o-complex is a known process and thi€;p

of the resulting adducts have been quantified: Hughes, M. J.; Waring, A.

J.J. Chem. Soc., Perkin Trans.1074 1043.
(9) Laube, T.; Olah, G. A.; Bau, R. Am. Chem. S0d997, 119, 3087.

Similar observations were

E.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, CJ. Chem. Soc., Chem. Commun.
1991 841.

(11) For a review see: Perrin, R.; Lamartine, R.; Perrin, M.; Thozet, A.
In Organic Solid State Chemistresiraju, G. R.; Elsevier: New York,
1987, p 271.

(12) Reynolds, W. F.; Dais, P.; MacIntyre, D. W.; Topsom, R. D.;
Marriott, S.; von Nagy-Felsobuki, E.; Taft, R. W. Am. Chem. S0d983
105 378.

(13) For other examples of rhodium-coordinated double bond lengths in
bis-chelating systems, see: (a) Vigalok, A.; Shimon, L. J. W.; Milstein, D.
J. Chem. Soc., Chem. Commu996 1673. (b) Vigalok, A.; Kraatz, H.-
B.; Konstantinovsky, L.; Milstein, DChem. Eur. J1997, 3, 253. (c) Mason,

R.; Scollary, G. RAust. J. Chem1978 31, 781.
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which is in the range of the free ligand, is surprisingly low for
the five—six-membered ring chelates of this particluar system
(compare with 40.35 ppm id). The coordinated methylene
group protons give rise to a triplet at 4.90 ppda{= 5.8 Hz)
in I1H NMR. It is also significant that protonation of the
carbonyl oxygen atom it to give the cationic compleR does
not result in charge localization on the methylene carbon atom
as evidenced by thC NMR spectrum of2. Only a slight
downfield shift of its signal in comparison to that ihwas
observed (44.15 vs 41.95 ppm, respectively), indicating that the
positive charge is delocalized between the carbon atoms of the
arenium ringt#

It was demonstrated, most notably by Olah and co-workers,
that each of the two major resonance fordsndB, contributes  Figure 2. ORTEP view of a cation o# with the thermal elipsoids at

significantly to the total structure of the benzyl catin!” It 50% probability. The hydrogen atoms are omitted for clarity.
*CH, H, cH cH coordination to the aromatic rirfg. In contrast, the metal i@
- = [, J} - : is coordinated to amxocyclicmethylene group connected to
(Gr (¢ R @i—ﬂn | R the prearomatic cation.
+ To probe the effect of the electron density on the rhodium
A B

atom on the stability of the methylene arenium carbocation
. relative to that of the parent quinone methide complex, the
was also shown that the presence of bulky substituents (€.9..cationic Rh(l) carbonyl comple® has been prepared (eq 2).
adamantyl) on the benzylic carbon removes it from the aromatic

plane and leads to localization of most of the positive charge /——P'Bu2 /—P‘Bu2
on the methylene carbon (for&).1® On the other hand, cationic y AgOTY, CO sl

. o ~Rh—c1 799" 4 ~Rh—CO ()]
o-complexes (arenium or Wheland complexes) are known as | THE |
transient intermediates in electrophilic aromatic substitution P'Bu, P'Bu,
reactions (alkylation, acylation, halogenation, nitration, éft’), “OTf
and in a few cases they can be isolated in a crystalline f8rm. 1 4

However, all the known examples involve formation of A
ipso-carbon atomand no methylene arenium compounds (i.e.
resonance fornB of a benzyl cation) have been reported.
Complex 2 represents such a compound, stabilized by com-
plexation to a late transition metal center.

Complex4 could not be protonated with 1 equiv of HOTT, i.e.,
the protonated rhodium compléxhas a K, value lower than
that of triflic acid (eq 3). Protonation efwas achieved in situ

Although methylene arenium cations can be expected to have / PBuz H*OT, /T TtBuz
a high tendency to aromatize to the benzyl cation (fakin o /RO o%@&nhtco @
complexation to a metal center makes this process unfavorable. . J"Bu
No reaction resulting in aromatization 8fwas observed, this ) B, . 2
complex being stable at room-temperature both in the solid state orf , 20Tf ]

and in solution. Itis worth noting that while numerous examples
of transition metal complexes containing charge delocalized

(prearomatic) ligands are reported, they all invafirect metal by using 5 equiv of triflic acid, although the resulting addsict

could not be isolated in the solid state. Thus, compléxone
(14) Theoretical calculations op-hydroxybenzyl cations predict an  of the strongest stable acids. The higher basicitylos
approximately equal charge distribution between the exocyclic methylene compared with4 correlates well with the much lower back-

and the ring (mainly at the para carbon atom): (a) Semenov, S. G . . .
Shevchenkg é Mcﬁlem. papgrg_ggl 45, 289. (bg Sr(1e)vchenko, s M.  bonding from the metal to the alkene in the latter, as evidenced

Elder, T. J.; Semenov, S. G.; Zarubin, M. YRes. Chem. Intermed995 by X-ray analysis and by thtH NMR spectrum of4.

21’(1‘%)3#0r leading references, see: (a) Bollinger, J. M.; Comisarow, M Orange crystals of complek suitable for an X-ray crystal-

B.. Cupas, C. A.: Olah, G. Al. Am. Chern. Sod967 89, 5687. (b) Olah, lographic analy'5|s,' have been obtained by slqw crystallization
G. A, Porter, R. D.; Jeuell, C. L.; White, A. M. Am. Chem. Sod.972 from a solution in dichlorometharerHF (1:1). Figure 2 shows

94, 2044. a perspective view of a molecule 4f Selected bond lengths

(16) For an example of a bis(benzylic) dication, see: Olah, G. A.;

Shamma. T.- Burrichter. A.: Rasul. G.- Prakash. G. KJSAm. Chem and bond angles are given in Table 2. The bond lengths between
Soc.1997 119 3407. T T ' " the rhodium atom and both carbon atoms of the coordinated
(17) Van Pelt, P.; Buck, H. MRecl. Tra.. Chim. Pays-Bad973 92, double bond are longer than those in the parent QIRh(1)—
1057. .
(18) For recent work, see: Olah, G. A.; Heagy, M. D.; Prakash, G. K. C(lg‘) of 2.127(8) Ag‘\n.d Rh(EC(l_l) of 2'258(8) A, .VS 2.052
S.J. Org. Chem1993 58, 4851 and references therein. (6) A and 2.183(5) A inl, respectively), showing little back-

(19) See, for example: Koptyug, V. A. Contemporary Problems in bonding to the coordinated double bonddin This also agrees
Carbonium lon Chemistry lIl. ITopics in Current Chemistry 123pringer- well with the C(10}-C(11) bond distance of 1.402(11) A, being

Vez?(%:(g)elgi{f]ér}t?géer, F.: Reisinger, F.. Sogider, K. H. Baerle, p;  Slightly shorter than that it (1.441(8) A). The bond distances

Stezowski, J. J.; Jogun, K. H.; Sitkopf. K.; Stohrer, W.-D.J. Am. Chem. between the carbon atoms of the cyclohexadienyl moiety are
Soc.1987 109, 882 and references therein. (b) Baenziger, N. C.; Nelson, comparable with those df.

A.D. J. Am. Chem. Sod968 90, 6606. (c) Borodkin, G. |.; Nagi, Sh. M,;
Bagryanskaya, |. Yu.; Gatilov, Yu. \d. Struct. Chem(Russian)1984 25, (21) (a) Seyferth, D.; Williams, G. H.; Eschbach, C. S.; Nestle, M. O ;
440. (d) An interesting example of a metal arenium complex has been Merola, J. S.; Hallgren, J. . Am. Chem. Sod.979 101, 4867. (b) For
reported: Grove, D. M.; van Koten, G.; Louwen, J. N.; Noltes, J. G.; Spek, recent work, see: Winemiller, M. D.; Kopach, M. E.; Harman, W.D.

A. L.; Ubbels, H. J. CJ. Am. Chem. S0d.982 104, 6609. Am. Chem. Sod 997 119 2096 and references therein.




480 J. Am. Chem. Soc., Vol. 120, No. 3, 1998 Vigalok et al.

Scheme 1
/—P'Buz
1,2- elimination %:&J!h—Me
s r! Fl’lBuz
/_T ’ 2MeLi, THF H—i—TtBuz - LioH °
(e} \Th—CI _— Liow /\Rh—Me .
PBU; II"Buz
1 P'Bu,
1,4- elimination / //_\Il!h—Me
- P'Bu,
7
Table 2. Selected Bond Lengths (A) and Angles (deg) 4or Scheme 2
(a) Bond Lengths /—P‘Buz
Rh(1)-C(10) 2.127 (8) C(1nc@a2) 1.485 (11) . |
Rh(1)-C(11) 2.258 (8) C(12)C(13) 1.359 (13) {(T“—Me
C(10-C(11) 1.402 (11) C(13)C(14) 1.488 (12) P'BU, .
Rh(1)-C(1) 1.903 (10) C(14)y0O(15) 1.476 (12) 6 i | Buz
Rh(1)-P(2) 2.345(2) C(15)y0(16) 1.359 (12) + _ H'OTfexc. “~Rh— OTf
Rh(1)-P(2) 2.353(2) C(1BC(16) 1.491 (11) -CHy |
C(1)-0(10) 1.129 (11) C(14)0(2) 1.241 (10) P'BY P'Buy
iR , 2 oTf
(b) Angles /" \V/~Rh—Me 8
P(2-Rh(1)-P(3) 167.05(8) C(16)C(11-Rh(1) 66.3(4) —
P(2)-Rh(1)-C(10) 88.3(2) C(12yC(11)-C(16) 118.9(7) P'Bu,
P(2)-Rh(1)-C(11) 83.7(2) C(11yC(12)-C(13) 120.1(7) 7

C(10)-Rh(1-C(11) 37.1(3) C(12rC(13-C(14) 120.1(8)

C(11-C(10)-Rh(1) 76.5(5) C(14yC(15)-C(16) 120.0(8) {H} NMR spectrum of this mixture exhibits a broad singlet at
99.62 ppm for the exocyclic noncoordinated methylene carbon
in 6 (below the baseline in th€C{'H} DEPT NMR spectrum)

The signal due to the coordinated methylene group at 5.23
- 1 .
ppm in the’H NMR spectrum of4 has practically the same and a doublet of multiplets for the “side-arm” double bond

chemical shift as that of free ethylene, whilelirit appears in . L
a significantly higher field (3.13 ppm). The IR spectrumdof cDaErtF))(_)rnNa';[/(I)énler)Ve(?t'[“?;.)SO ppm (above the baseline in #e

exhibits two strong bands at 2019 and 1608 &mue to the
coordinated CO and the quinonoid carbonyl group, respectively.
Interestingly, the signal of the methylene carbon atom in the
13C NMR spectrum of the methylene arenium speB&iesshifted
upfield in comparison with that o4 (67.7 vs 76.7 ppm,
respectively). This surprising apparent higher “shielding
indicates that the methylene carbon atom does not participate
in the delocalization of the positive charge. Moreover, proto-
nation of the quinonoid carbonyl group4relso leads to a shift
of the Rh—-C=0 band in the IR spectrum to a higher frequency
(2060 cnttin 5 vs 2019 cm? in 4), indicating a decrease in
the back-bonding interaction between the metal center and the
coordinated CO. Significantly, even in an electron poor species
such asb no aromatization takes place via metal slippage to
the methylene group to form the benzyl rhodium complex.

2. Metal Stabilized Xylylenes. When the QM rhodium

Complexes and7 represent unique examples of thermally
stable xylylene molecules.p- and o-Xylylenes are highly
reactive species which undergo spontaneous polymerization even
at very low temperaturé?. It has been calculated that the
» energy difference between the ground (dimethylene cyclohexa-
diene) state and the transition (biradical of dimethylene benzene)
state is less than 6 kcal/mol, and therefore these compounds
cannot be isolated under normal conditidh&® Although it is
sometimes difficult to distinguish between the dienyl and
dibenzyl coordination mode, transition metal complexes of
o-xylylenes where the metal center is coordinated to the both
of exocyclic methylene groups have been repoffedt is,
therefore, noteworthy that in bothand 7 the metal center is
coordinated in am? fashion to onlyoneof the exocyclic double
bonds. The stabilization here is achieved due to a combination

complex1 was reacted with 23 equiv of MeLi in THF, two of factors, among which the phosphine chelation effect and the

products were isolated after extraction with pentane, which haveOIIStOIrtlon from planarity seem to_ be the most important,
been assigned as tipe and o-xylylene rhodium(l) complexes .When a mixture 95 anql? in dlch]oromethane was treated
6 and7, respectively (Scheme 1). The ratio between the two with an excess of triflic acid, formation of the green methylene
varied slightly depending on the reaction conditions, being in aremumlcomple)B took place in a quantitative yield (Scheme
general 1:1. The mechanism of this process probably involves 2)- The"H NMR spectrum of8 shows a triplet at 4.79 ppm
nucleophilic attack at the quinonoid carbonyl followed by (Jpr= 6.6 Hz) due to the coordinated double bond. This very
competitive 1,2- and 1,4-elimination of LiOH leading@and large downfield shift as compared with the parent QM was
7, respectively. Parallelly, methylation of the rhodium takes obselrvedl also in the analogous methylene arenium conzplex
place. The®P{1H} NMR spectrum of6 exhibits a doubletat ~ 1he “C{*H} NMR spectrum of8 is indicative of the high
50.26 ppm withJrnp Of 148.1 Hz;7 exhibits an AB pattern (22) Errede, L. A.; Hoyt, J. HJ. Am. Chem. Sod.96Q 82, 436.
centered at 52.12 ppMIshpa= 148.7 Hz,Jrnpp = 142.9 Hz, (23) (a) Errede, L. A; Szwarc, MQuart. Re. 1958 12, 301. (b)
Jpapb= 354.7 Hz). Thé'H NMR spectrum of the mixture d§ Coppinger, G. M.; Bauer, R. HL. Phys. Cheml963 67, 2846.

; (24) (a) Hersh, W. H.; Bergman, R. G. Am. Chem. Sod 981, 103
f"‘”d7 shows a singlet at 5.32 ppm dfe to the methylene group 6992. (b) Johnson, B. F. G.; Lewis, J.; Thompson, Dletrahedron Lett.
in 6 and a doublet at 5.25 ppndsy = 3.9 Hz) for the only 1974 43, 3789. (c) Roth, W. R.; Meier, J. Dietrahedron Lett1967, 22,

proton of the exocyclic double bond ih Similarly, thel3C- 2053.
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Table 3. Comparison of SelectelC{*H} NMR Chemical Shifts
of Methylene Arenium Complexes vs the Parent Quinone Methide
Complexes

0 B¥C{*H} NMR, ppm

carbon atom methylene arenium QM
44.15 Q)
Rh (C=CH,) 44.34 8) 41.95 (@)
68.40 §) 76.44 @)
74.06 Q)
Rh (C=CH,) 87.57 ) 66.97 ()
90.65 6) 100.36 @)
176.74 Q) 186.51 ()
ArC-O (or ArC=0) 180.53 ) 184.93 @)

positive charge density on the prearomatic ring, with most of
the charge being localized on the para- and ortho- carbon atom
(162.06 and 161.42 ppm, respectively). These chemical shifts
are substantially higher than those of aromatic compounds but
still lower than that of positively charged arenium compou#tds.
Similarly to 2, the coordinated methylene group appears as a
doublet of triplets at 44.34 ppmlgnc = 24.2 Hz,Jpc = 3.0
Hz) showing no influence of the para-substituent on the chemical
shift in the methylene arenium complex (i.e., OH vs{LH

3. Comments on Charge Delocalization in the Metal
Stabilized Methylene Arenium Complexes. The chemistry
of carbocations is an important and flourishing area in modern
organic chemistr§® Among other carbocations, benzyl cations,
which exhibit a high degree of charge delocalization, are of
particular interest in various fields of chemis#%.One of the
most important questions is the relative contribution of each of
the resonance forn# andB to the overall energy of the cation.
As in many cases the X-ray structures of these highly reactive
species are unavailabléC NMR has become the most powerful
tool in determining the charge distribution in the sys#Sni.
was shown that in planar benzyl cations the substituents in the
para position to the exocyclic methylene group dramatically
influence its chemical shift in th€C NMR spectrum through
the shared system of conjugated boPisAs expected, intro-
ducing donor substituents into the para position results in the
upfield shift of this signal, while electron withdrawing groups
in the para position decrease the contribution of the resonanc
form B and lead to the downfield shift of the signal. On the
other hand, in nonplanar benzyl cations the effect of the para
substituent on the chemical shift of the methylene group is
negligible, as most of the charge is localized at this carbon atom
with no contribution of the methylene arenium fotf.To our
knowledge, no methylene arenium compound (i.e., resonance
form B) has so far been reported. Table 3 preséi@sNMR
chemical shifts of the coordinated Glroup of the methylene
arenium metal complexe® @nd8, 5) and the parent quinone
methides { and4, respectively). The most important features
here are that within each series there is practically no effect of
the ring charge on the chemical shift of the methylene carbon
atom in13C NMR (i.e., the signal in compound and 8 is
only slightly shifted downfield from that i1, whereas in the

(25) See, for example: Olah, G. A; Liang, G.; Jindal, S].®Org. Chem.
1975 40, 3259.

(26) (a) Vogel, PCarbocation ChemistryElsevier: 1985. (b) Saunders,
M.; Jimenez-Vaquez, H. AChem. Re. (Washington, D.C.}991 91, 375.
(c) Laube, T.Angew. Chem., Int. Ed. Endl996 35, 2765.

(27) Freedman, H. H. lIi€arbonium lonsOlah, G. A., Schleyer, P. v.
R., Eds.; 1973; Vol. 4, p 1501.

(28) For review, see: Prakash, G. K. S.; lyer, PR&. Chem. Intermed.
1988 9, 65.
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CO-containing dicationic compleX it is even shifted upfield

in comparison to that id). Moreover, substitution of the very
strong electron releasing OH group (o = —0.37; 0" =
—0.92) for a very mild donor Ckl(oc = —0.17;0" = —0.31)°

in 8 has evidentlyno effect on the chemical shift of the
methylene group signal in tHéC NMR spectrum, showing no
participation of this group in the overall charge delocalization
in the methylene arenium complexes. By comparison, the
quarternary carbon atom chemical shigt affected by the
substituent in the para-position in an expected way, i.e., more
than 13 ppm downfield when OH is substituted by Me (87.57
ppm in8 vs 74.06 ppm in2), clearly indicating that positive
charge is ring localized. In the parent QM complethis signal
appears at 66.97 ppm. Table 3 also demonstrates a high degree
of charge localization at the para-carbon atom of the ring. The
chemical shift of this atom in thé3C NMR spectra of the

Smethylene arenium complexes is only slightly upfield from that

of parent QM complexes (176.72)(and 180.53%) vs 186.51
(1) and 184.93 4), respectively), although one would expect
more dramatic changes upon substitutiorCefO for C—OH.
For comparison, thé3C NMR signal of theC—OH group in
the neutral organometallic phenol CIRh(§JHHO—Cg(CHs),-
(CHyP(t-Bu)y),]® appears at 153.78 ppm.

In summary, we have prepared rare examples of stable
quinone methides and xylylenes stabilized by metal complex-
ation and have shown that they can be converted to methylene
arenium complexes. The latter compounds are unexpectedly
stable and have been fully characterized, including by X-ray
analysis. The electron density on the metal center strongly
influences the stability of these species in comparison to the
parent quinonoid compounds. Surprisingly, even in the electron
poor dicationic complexes no metal slippage to the methylene
carbon atom to produce benzyl metal complexes takes place,
showing that the methylene arenium resonance form of a benzyl
cation coordinated to a metal center is preferred over the
aromatic structure with the positive charge localized at the metal.
Moreover, no effect of the para substitutent on the chemical
shift of the exocyclic methylene group i¥C NMR was
observed, indicating lack of conjugation of this group with the
ring. Thus, the reported methylene arenium compounds can
be viewed as a “discrete resonance” form of a benzyl cation in

&which the charge is ring-localized, stabilized by metal com-

plexation. Further investigations on the metal- and ligand-
centered reactivity of these interesting complexes are in progress.

Experimental Section

General Procedures. All operations were performed in a nitrogen-
filled glovebox (Vacuum Atmospheres with an MO-40 purifier). All
solvents were reagent grade or better. Pentane, benzene, and THF were
distilled over sodium/benzophenone ketyl. All solvents were degassed
and stored under high-purity nitrogen after distillation. All deuterated
solvents (Aldrich) were stored under high-purity nitrogen on molecular
sieves (3 A). Trifluoromethanesulfonic acid was purchased from
Aldrich (99+ %) and used as it is.

1H, 3P, and®C NMR spectra were recorded at 400, 162, and 100
MHz, respectively, using a Bruker AMX400 spectrometéf and**C
chemical shifts are reported in ppm downfield from TMS and referenced
to the residual solvert; (7.24 ppm chlorofornd, 7.15 ppm benzene-
ds) and alld solvent peaks (77.00 ppm chloroform, 128.00 ppm
benzene), respectivel\?*P chemical shifts are in ppm downfield from
HsPQO, and referenced to an external 85% phosphoric acid sample. All
measurements were performed at°Zlunless otherwise specified.

Synthesis and Characterization of Compounds 28. Compound
2. To a solution of1® (20 mg, 0.034 mmol) in 1 mL of toluene was

(29) For the most recent studies, see: Laali, K. K.; Hansen, B. E.
Org. Chem.1997 62, 5804.

(30) Hansch, C.; Leo, A.; Taft, R. WChem. Re. (Washington, D.C.)
1991, 91, 165.
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added 3.5uL (~1.2 equiv) of HOTf at—30 °C. Immediate color
change from red to dark green took place with the formation of a green
crystalline precipitate. The mixture was allowed to stay-@0 °C for

3 h after which formation of green crystals ®fvas completed. The

Vigalok et al.

ether at—30 °C. The solution immediately turned dark red. The
reaction mixture was allowed to reach room temperature and solvent
was evaporated. Pentane (2 mL) was added to the resulting solid, the
precipitate was isolated by filtration and washed witk2 mL of

solvent was removed by decantation, and the crystals were washed withpentane, and the washings were combined with the filtrate. After

pentane and dried in vacuum to quantitatively yigld

31P{IH}NMR (6, ppm) (CDCls) 26.23 (d,Jrnp = 104.4 Hz). H
NMR (8, ppm) 12.00 (br s, 1H, B), 4.90 (t, Joy = 5.8 Hz, 2H,
C=CHy,), 2.85 (AB quartJyy = 16.7 Hz, 4H, ®i,—P), 2.25 (s, 6H,
Ar—CHys), 1.51 (vt,Jpy = 6.9 Hz, 18H,t-Bu), 1.34 (vt,Jpy = 6.8 Hz,
18 H, t-Bu). BC{H} NMR (6, ppm) 176.74 (sC-OH), 165.00 (s,
Ar), 126.85 (tJpc = 4.4 Hz,Ar), 74.06 (br d Jrnc = 7.4 Hz,C=CH,),
44.15 (br d,JRhc: 23.3 Hz, C=CH2), 37.24 (t,Jpc: 6.6 HZ,C(CHg)g),
37.12 (t,Jpc = 6.7 Hz, C(CHj)3), 30.48 (t,Jpc = 2.2 Hz, CCHa)3),
29.34 (s, CCHg)3), 22.40 (t,Jpc = 6.7 Hz,CH,—P), 13.61 (s, Ar
CHj).

Elemental Analysis: Found (Calc.): C 45.29 (45.50), H 6.53 (6.68).

Compound 3. Complex3 was prepared in situ by the addition of
9 uL (~1.2 equiv) of M@SIOTf to a CDC} solution of 1 (20 mg,
0.034 mmol) at room temperature. The green solution3ofvas
immediately formed, and the NMR spectra showed complete disap-
pearance of. The silyl group in3 undergoes rapid hydrolysis to give
2. At room temperature thé'P{*H} NMR spectrum of complexd
shows a broad hill at 23.5 ppm. Well resolved NMR spectra lofve
been recorded at30 °C.

3IP{IH}NMR (6, ppm) (CDClg) 22.77 (d,Jrrp = 101.1 Hz). H
NMR (6, ppm) 4.45 (t,Jpn = 5.6 Hz, 2H, G=CH,), 2.81 (AB quart.
Jun = 16.9 Hz, 4H, ®1,—P), 2.14 (s, 6H, A-CH3), 1.39 (vt,Jpy =
6.8 Hz, 18H,t-Bu), 1.20 (vt,Jpy = 6.5 Hz, 18 H,t-Bu), 0.21 (s, 9H,
Si(CHa)s). *C{*H} NMR (9, ppm) 172.56 (sC-OSi), 166.32 (SAr),
130.83 (t,Jpc = 3.8 Hz,Ar), 79.90 (br d,Jrnc = 8.6 Hz, C=CH),),
45.42 (br d Jrnc = 22 Hz, G=CHy), 37.00 (m, 2 overlappe@(CHs)s),
30.31 (s, CCH3)3), 29.26 (s, CCH3)3), 23.00 (t,Jpc = 7.8 Hz,CH,—
P), 14.65 (s, A-CHa), 1.11 (s, SiCHa)a).

Compound 4. To a solution ofl (20 mg, 0.034 mmol) in THF (1
mL) a solution of 9 mg of AgOTf in 1 mL of THF was added at room
temperature. Aftel h in thedark, the solution was filtered to remove
silver chloride. Carbon monoxide was then briskly bubbled through
the resulting brown solution causing the precipitatiod @ an orange
powder. The product was filtered through a cotton pad, washed with
benzene, and redissolved in €. Evaporation of the solvent gave
pure4 as an orange solid (22 mg, 86%).

SIP{IH}NMR (3, ppm)(CDCl3) 64.78 (d Jrnp= 95.0 Hz). *H NMR
(0, ppm) 5.23 (tdJpn = 4.2 Hz, Jrn = 3.3 Hz, 2H, G=CH,), 3.38
(AB quart. Juy = 16.8 Hz, 4H, ®G1,—P), 2.04 (d,Jpy = 1.2 Hz, 6H,
Ar—CHy), 1.44 (vt,Jpyy = 7.5 Hz, 18Ht-Bu), 1.28 (vt,Jpy = 7.1 Hz,
18 H,t-Bu). 3C{*H} NMR (6, ppm) 187.20 (dtJrnc = 79.3 Hz,Jpc
= 13.3 Hz, Rh€0), 184.93 (sC=0), 144.60 (sAr), 132.73 (t,Jrc
= 5.2 Hz,Ar), 100.36 (br mC=CH,), 76.44 (dt,Jrnc = 15.0 Hz,Jpc
= 1.7 Hz, C=CHy), 37.84 (t,Jpc = 8.7 Hz, C(CHs)3), 36.93 (td,Jpc
=8.9 HZ,JRhCZ 1.5 HZ,C(CH3)3), 30.62 (t,‘Jp(;: 1.9 HZ, CCH3)3),
28.85 (t,Jpc = 1.8 Hz, CCHj3)s), 21.68 (t,Jpc = 9.6 Hz, CH,—P),
13.23 (s, A-CHg). IR (chloroform, cntt) 2019 (s), 1608 (s).

Elemental Analysis: Found (Calc.): C 48.38 (47.67), H 7.03 (6.62).

Compound 5. Complex5 was prepared in situ by the addition of
21 uL (5.2 equiv) of HOTf to a CIXCI, solution of4 (20 mg, 0.027
mmol) at room temperature. Color change from orange to yellow was
observed immediately.

SIP{IH}NMR (3, ppm)(CD,Cly) 47.77 (d Jrnp= 83.6 Hz). 'H NMR
(0, ppm) 5.20 (tdJpx = 5.2 Hz, Jrnn = 2.2 Hz, 2H, CG=CH>), 3.62
(AB quart. Jys = 17.4 Hz, 4H, ®1,—P), 2.40 (s, 6H, A-CH3), 1.49
(vt, Jpn = 8.1 Hz, 18H,t-Bu), 1.30 (vt,Jpy = 7.5 Hz, 18 H,t-Bu).
13C{*H} NMR (6, ppm) 185.26 (dtJrnc = 83.0 Hz,Jpc = 11.0 Hz,
Rh-CO), 180.53 (sC-OH), 162.86 (sAr), 129.11 (t,Jec = 4.7 Hz,
Ar), 90.65 (br dt,JRhc: 6.6 Hz,Jpc = 1.9 HZ,C=CH2), 68.40 (bl’ d,
Jrhc = 20.7 Hz, G=CH,), 39.33 (t,Jpc = 8.2 Hz,C(CHy)3), 37.25 {t,
Jpc=7.6 HZ,C(CH3)3), 30.41 (S, CCH3)3), 27.91 (S, C(:H3)3), 22.77
(t, Jpc= 10.1 Hz,CH,—P), 12.88 (s, A+-CHz). IR (chloroform, cnm?)
2060 (m).

Compounds 6 and 7. To a solution ofl (20 mg, 0.034 mmol) in
THF (2 mL) was added 6@L of a 1.4 M solution of MeLi in diethyl

removal of the solvent under vacuum, an approximately 1:1 mixture
of complexes and7 was obtained as an air-sensitive red solid. Yield
14 mg (72%).

6: SIP{IH}NMR (8, ppm) (CeDs) 50.26 (d,Jrnp = 148.1 Hz). H
NMR (6, ppm) 5.32 (s, 2H, ECH)), 2.94 (td,Jpy = 5.2 HZ, Jrnn =
2.0 Hz, 2H, RR-(C=CHy,)), 2.64 (AB quartJuy = 15.6 Hz, 4H, Gi,—

P), 1.92 (dJpn = 0.9 Hz, 6H, Ar-CH3), 1.15 (td,Jpn = 5.6 Hz,Jrmn
= 2.2 Hz, 3H, RR-CH3), signals due td-Bu groups overlapped with
those of7. 13C{'H} NMR (6, ppm) 99.62 (br s, ECH,, “down” in
13C{1H} DEPT NMR), 46.25 (dtJrnc = 17.0 Hz,Jpc = 2.9 Hz, Rh-
(C=CHy,)), 30.32 (br t, CCH3)3), 29.75 (br t, CCH3)3), 21.92 (t,Jpc
=8.6 Hz,CH,—P), 16.72 (s, ArCH3), —7.85 (m, Rh€Hs, overlapped
with that of 7).

7: SP{H}NMR (9, ppm) (CsD¢) 52.12 (AB quart. Jrnpa= 148.7
Hz, Jrhpo = 142.9 Hz,Jpapp= 354.7 Hz). *H NMR (6, ppm) 5.25 (d,

Jen = 3.9 Hz, 1H, G=CH-P), 3.37 (AB quart., 1H, RR(C=CHy)),

2.64 (AB quart.Jyn = 15.6 Hz, 2H, G1,—P), 1.96 (s, 3H, ArCH3),

1.82 (s, 3H, Ar-CH3), 1.74 (br s, 3H, ArCH3), signal due to Rk

CH; overlapped with those theBu groups of6 and7. °C{*H} NMR
(6, ppm) 97.50 (dm, &CH—P, “up” in *3C{*H} DEPT NMR), 63.81
(dt, Jrne = 13.5 Hz,Jpc = 3.3 Hz, Rh-(C=CH,)), 31.11 (d Jpc = 1.9

Hz, C(CHs)s), 30.57 (d,Jpc = 2.2 Hz, CCH?3)3), 30.07 (d,Jpc = 1.8

HZ, C(CH3)3), 29.60 (d,JpC: 1.9 HZ, CCH3)3), 24.25 (d,Jpc: 10.2
Hz, CH,—P), 17.22 (br d, A-CHj3), 16.95 (br d, Ar-CHs), 15.70 (s,
Ar—CH).

Compound 8. To a 1:1 mixture o6 and7 (14 mg, 0.025 mmol)
in 1 mL of CH,Cl, was added 3@L of HOTf at —30°C. The green
solution was allowed to warm to room temperature, and 2 mL of
pentane was added resulting in the precipitation of a green solid. Crude
8 was filtered, washed with pentane and then benzene, and redissolved
in dichloromethane. Removal of solvent under vacuum resulted in pure
8 (20 mg, 94%).

SIP{IH}NMR (6, ppm)(CDCls) 18.55 (d,Jrnp = 99.5 Hz). *H NMR

(6, ppm) 4.79 (tJpu = 0.6.6 Hz, 2H, G=CH,), 2.94 (AB quartJyy =
17.1 Hz, 4H, ®1,—P), 2.47 (s, 6H, ArCH3), 1.63 (s, 3H, Ar-CH3),
1.53 (vt,Jpy = 7.1 Hz, 18H-Bu), 1.37 (vt Jpy = 6.8 Hz, 18 H-Bu).
BC{H} NMR (9, ppm) 162.06 (sAr), 161.42 (sAr), 138.25 (t,Jpc
=45 HZ,AT), 87.57 (dt,JRhc: 9.3Hz,Jpc=2.8 HZ,C=CH2), 44.34
(dt, Jrnc = 24.2 Hz,Jpc = 3.0 Hz, G=CH,), 37.39 (t,Jpc = 7.0 Hz,
Jrhc = 0.9 Hz,C(CHj3)s), 37.21 (t,Jpc = 7.7 Hz,C(CHs)3), 30.65 (t,
Jpc =23 HZ, CCH3)3), 29.28 (t,Jp(;: 1.9 HZ, CCH3)3), 23.06 (t,
Jpc = 8.3 Hz,CH,—P), 22.72 (s, AFCHa), 17.01 (s, Ar-CHb).

X-ray Analysis of the Structure of 2. Complex2 was crystallized
from CH,Cl, at room temperature to give green crystals.

Crystal data: CgHoCIF;04P,RNS, green needle, 02 0.1 x 0.1
mm?, monoclinic,P2(1)ih, a = 8.515(2),b = 27.745(6),c = 13.729-

(3) A, B =93.21 (3) from 25 reflectiond = 110 K,V = 3238.4 (13)
A3, Z=4,F,=739.03,D, = 1.516 Mg/n¥, m = 0.822 mm™.

Data collection and treatment: Rigaku AFC5R four-circle diffrac-
tometer, MoKy, graphite monochromatod (= 0.71073 A), 12 069
reflections collected, 1.47< © < 27.52, -11<h=<11,0<k =<
36,—17 < | < 8, w scan method, scan width 1.2°, scan speed°8
min, typical half-height peak widtl= 0.4C°, three standards were
collected 64 times each, with an 3% change in intensity, 7406
independent reflections (R-int 0.0394).

Solution and Refinement. The structure was solved by Patterson
method (SHELXS-92). Full-matrix least-squares refinement was based
on F? (SHELXL-93). ldealized hydrogens were placed and refined in
a riding mode, with the exception of H1A and H1B on C1 which were
located in the difference map and refined independently. Parameters
(383) with no restraints, findR; = 0.0546 (based oR?) for data with
| > 20l and, Ry = 0.0959 for all data based on 7406 reflections,
goodness-of-fit ofF2 = 1.095, largest electron density0.945 e/A3,

The data were not corrected for absorption.

X-ray Analysis of the Structure of 4. Complex4 was crystallized

from CHCI/THF 1:1 mixture at room temperature.
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Crystal Data: Cs3HasFsOsP2RhS, orange prisms, 0. 0.1 x 0.1 20l and,R; = 0.0980 for all data based on 5491 reflections, goodness-

mm?, triclinic, P-1,a = 10.608(2)b = 12.413(2) ¢ = 15.345(3) Ao of-fit on F2 = 1.059, largest electron density 2.016 e/A?3,

= 66.92(3),f = 93.21 (3),y = 81.60(3) from 25 reflections] = 110 Note: There is one disordered THF molecule per asymmetric unit.

K, V = 1825.9(6) &, Z = 2, Fy, = 794.62,D; = 1.445 Mg/ri, m =
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method (SHELXS-92). Full-matrix least-squares refinement was based and structure refinement, atomic coordinates, bond lengths and
onF2 (SHELXL-93). Idealized hydrogens were placed and refined in - angles, anisotropic displacement parameters, and hydrogen atom
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were located independently in the difference Fourier map but refined ,5sthead page for ordering and Internet access instructions
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