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(e, C&$. '8c NMR (ether): 6 = 32.9 and 34.7 (2 CH& 47.1 and 

126.0 and 126.4 (C(5,6)), 127.9 (2 m-C), 149.2 (ipso-c), 152.3 and 
154.6 (C(8,9)), 160.3 (c(2)), 184.1 (CJ. 

The colorless powder, aa collected above, contained the 
"dimerization" product previouely22 isolated from the Grignard 
analogue of 5. It was detected under the present conditions even 
though we had earlie+ reported that it waa not observed by 
bromine/lithium exchange. 

Cryrtal Structure Determination. The sample waa sealed 
under argon in a glass capillary. Cell constants were determined 
by a ht-aquarea fit ofthe setting anglee of25 centered reflections 
between 28 = 18-25O. Lorentz and polarization corrections were 
applied in data collection (see Table IV). 

Structure Solution and Refinement. It waa difficult to 
obtain a good model by direct methods (SHELXS-M,~ PC version), 
and a very high number (1200) of possible solutions had to be 
calculated in order to get starting pitions for a model refining 
well with isotropic thermal parameters. This model showed the 
tetramethylindan fragments. The remaining non-hydrogen atoms 

50.5 (C(1,3)), 115.9 (p-C), 121.8 (2 0-C), 122.7 and 123.1 (C(4,7)), 
were found from a difference-Fourier map. The position of the 
Li atom emerged after assigning part of the carbon anisotropic 
thermal parameters. All hydrogen atoms were located and their 
positions refined with fixed Vi = 1.2U(eq) from U(eq) of the 
hydrogen-bearing carbon atoms. The structure was refined using 
the SHELXIZ~PLWS~ program package with full matrix leestsquaree 
procedures. The solution converged slowly but steadily. 
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(24) Sheldrick, G. M. SHELXS-BB, P&am for the automatic solution 
of crystal atmcturea. University of Gijttingen, Gttingeen, Germany, 1986. 
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Reactions of (r16-C6H6)Re(NO)(PPh3)(X) (X = OTs (OS02-p-C6H4CH3), OTf (OSOzCF3)) with PRH2 
(a, R = Ph; b, R = Me; c, t-Bu) give the primary phosphine complexes [(r16-C~6)Re(NO)~Ph~(PRH2)]+X- 
(2a+TsO-, 2br'f0-, 2c"f$-; 8946%). Fhctions of 2a-c'X- with t-BuO-K give the phosphido complexes 
(I~~-C,H,)R~(NO)(PP~~)(PRH) (4a-c; 63-98%). Reactions of 4c with " O H  and HC1 gas give 2c+TfO- 
and 2c+Cl- (6249%). NMR data show that 2c+TfO- preferentially adopts a solution RePRH2 conformation 
that places the tert-butyl group in the interstice between the cyclopentadienyl and small nitrosyl ligands. 
An analogous conformation is found in crystalline ~ C + C ~ - . ( C H ~ C ~ ~ ) ~ . ~  (orthorhombic, Pbca, a = 15.265 (3) 
A, b = 18.698 (5) A, c = 19.796 (5) A, 2 = 8), which also exhibite a P*-H.*Cl hydrogen bond (H.Cl2.90 
A). NMR, IR, and conductance properties indicate an identical interaction in solution. NMR data show 
that 4a,b exist as 50:50 and 8911 mixtures of Re,P configurational diastereomers that interconvert with 
AG* of 11.5 (4a) and 13.5 (4b, minor - major) kcal/mol. Reaction of 4c and MeOTf gives (RS,SR)- 
[(r16-C6H,)Re(NO)(PPh3)(P(t-Bu MeH)]+TfO- (95%) in >98% diaatereomeric excess (monoclinic, P2,/c, 
a = 11.499 (1) A, b = 9.227 (1) 1 , c = 30.399 (1) A, j3 = 100.53 (1)O, 2 = 4). 

The synthesis, structure, and dynamic and chemical 
properties of transition-metal terminal phosphido com- 
plexes have continued to attract the attention of numerous 
researchers.'-3 In particular, we have been conducting an 

(1) (a) Buhro, W. E.; Chisholm, M. H.; Martin, J. D.; Huffman, J. C.; 
Folting, K.; Streib, W. E. J. Am. Chem. SOC. 1989,111,8149. (b) Vaughn, 
G. A.; Hillhow, G. L.; Rheingold, A. L. Organometallics 1989,8,1760. 
(c) Dick, D. G.; Stephan, D. W. Ibid. 1991,10,2811. (d) Brombach, H.; 
Niecke, E.; Nieger, M. Ibid. 1991,10,3949. (e) Barre, C.; Kubicki, M. M.; 
Leblanc, J.-C.; M o b ,  C .  Inorg. Chem. 1990,29, 5244. ( f )  Bonnet, G.; 
Kubicki, M.; M o k ,  C.; Lazzaroni, R.; Salvadori, P.; Vitulli, G. Organo- 
metallics 1992,11,964. (g) Blenkiron, P.; Lavender, M. H.; Morris, M. 
J. J. Organomet. Chem. 1992,426, C28. 

(2) Fryzuk, M. D.; Joshi, K.; Chadha, R. IC, Rettig, S. J. J. Am. Chem. 
SOC. 1991,113,8724 and references therein. 

extensive study of chiral, coordinatively saturated, py- 
ramidal, rhenium phosphido complexes of the general 
formula (q6-C6H6)Re (NO) (PPh3) (PXX') These com- 

(3) (a) Crisp, G. T.; Salem, G.; Wild, S. B.; Stephens, F. S. Organo- 
metallics 1989, 8, 2360. (b) Hey, E.; Willis, A. C.; Wild, S. B. 2. Na- 
turforech. 1989, Mb, 1041. 

(4) (a) Buhro, W. E.; Georgiou, 5.; Hutchinson, J. P.; Gladysz, J. A. 
J. Am. Chem. SOC. 1985, 107, 3346. (b) Buhro, W. E.; Zwick, B. D.; 
Georgiou, S.; Hutchineon, J. P.; Gladyez, J. A. Ibid. 1988, 110, 2427. 

(5) Buhro, W. E.; Gladyez, J. A. Inorg. Chem. 1986,24,3505. 
(6) Zwick, B. D.; Arif, A. M.; Petton, A. T.; Gladyez, J. A. Angew. 

Chem., Int. Ed. Engl. 1987,26, 910. 
(7) Buhro, W. E.; Arif, A. M.; Gladyaz, J. A. Inorg. Chem., 1989,28, 

3837. 
(8) (a) Buhro, W. E., Ph.D. Thesis, UCLA, 1986. (b) Zwick, B. D., 

Ph.D. Thesis, University of Utah, 1987. 
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Scheme I. Synthmir of Rhenium Ptimary Phosphine and 
Phorphido Complexes 

Zwick et al. 

i 

X = l ,  07% 2+ x- 
3, OTf R =a,  Ph; 

b, Me; 
C, t-BU 

4 

pounds are readily available in optically pure form and 
have been used as structural templatea for novel asym- 
metric ~atalysta.~ 

In previous full papers, we have detailed our data on 
symmetrically substituted secondary phosphido com lexes 

functionalbed phosphido complexes (q5-C5H6)Re(NO)- 
(PPh3)@XX') (X and/or X' = heterosubstituent).' Com- 
plementary studies involving the corresponding neutral 
amido and cationic amine complexes have also been re- 
p~rted.~JO In this paper, we describe (1) high-yield 
syntheses of the primary phosphine complexes [ ($'- 
C&JRe(NO)(PPhJ(PRH ]+X- and phosphido complexes 

each class of compounds, including hydrogen bonding in- 
teractions in the former, (3) dynamic properties of the 
phosphido complexes, which exhibit extremely low phos- 
phorus inversion barriers, and (4) the highly diastereose- 
lective methylation of a phosphido complex, and other 
stereoeelective reactions. A small portion of this work has 
been ~ o ~ ~ ~ ~ n ~ n i ~ a t e d . ~  

Rssults 
1. Synthesis of Primary Phosphine Complexes. 

Reactions of secondary phosphines, P W ,  and appropriate 
neutral rhenium precursors (q5-CsHs)Re(NO)(PPh3) (X) 
have previously been shown to give the cationic bis- 
(phosphine) complexes [ (s6-CsH5)Re(NO)(PPh3)- 
(P&H)]+X-.' Accordingly, reaction of the tosylate com- 
plex ($-C&"O)(PPhJ(OTs) (1)11p'2 and the primary 
phosphine PPhH2 (CH2C12, 2 days) gave the phenyl- 
phosphine complex [(?6-C,Hs)Re(NO)(PPh,)(PP~~)l+- 
TsO- (2a+TsO-) in 94% yield after workup (Scheme I). 
Similar reactions of the triflate complex ($-CsH5)Re- 
(NO)(PPh,)(OTf) (3)11*'2 with methylphosphine and 
tert-butylphosphine gave the primary phosphine com- 
plexes [(~6-C~~Rs(NO)OpPhJ(pMeH2)]+Tpo- (2bVI'f0-) 

in 96% and 89% yields, respectively. 
Complexes 2a-c+X- were canary yellow powders or 

cryatale and stable in air for a minimum of 6 years. They 
were characterized by microanalysis (Experimental Sec- 
tion) and IR and NMR ('H, 'W, spectroscopy (Table 
I). Most spectroscopic features were similar to those 
reported for the corresponding secondary phosphine com- 

(&C6H&Re(NO)(PPhS)(P&) (R = alkyl, aryl) 4 r  and 

( T & H ~ ) F ~ ( N O ) ( P P ~ J (  a' RH), (2) ~truct~ral analyees of 

and [ ($-C&)Re(NO) (PPhJ (P( t-Bu)H&] +TfO- (2c'"fo-) 

~ ~~ 

(9) (a) Dewey, M. A.; W e ,  J. M.; Gladysz, J. A Organometallics 
1990,9,1349. (b) Dewey. M. A, Knight, D. A.; Klein, D. P.; Arif, A. M.; 
Gladysz, J. A. Inorg. Chem. 1991,30,4996. 

(10) (a) Dewey, M. A; Gladysz, J. A. Organometallics 1990, 9, 1351. 
(b) Dewey, M. A.; Arif, A. M.; Gladysz, J. A. J. Chem. SOC., Chem. Com- 
mun. 1991.712. (c) Dewey, M. A.; Knight, D. A.; Arif, A. M.; Ghdyaz, 
J. A. Chem. Ber. 1992,125,815. 

(11) Mef ie ld ,  J. H.; FernBndez, J. M.; Buhro, W. E.; Gladyaz, J. A. 
Inorg. Chem. 1984,23,4022. 

(12) Abbreviations: (a) O T s  = OSOz-p-C&CH3. (b) OTf = OSOzC- 
F3. 

plexes.4 The 31P(1H) NMR spectra showed AX patterns 
arising from coupled PPh3 and PRH2 ligands. Both 'H 
and ,'P NMR spectra exhibited large diagnostic lJm 
valuea (368-411 Hz). The diastereotopic PH2 protons gave 
separate 'H NMR resonances, with the chemical shift 
differences in 2a+TsO- and 2c+TfO- being particularly 
pronounced (A6 1.76-1.73). The IR spectra of 2a-c*X- 
showed the expected  up^ (232S2345 cm-', KBr). 

The optically active tert-butylphosphine complex (-1- 
(S)-%+TfD-, -141", was prepared from the optidly 
active triflate complex (-)-(S)-311J3 by a procedure similar 
to that wed for the racemate. The absolute configuration, 
corresponding to retention of confiiation, was assigned 
by analogy to other substitution reactions of optically 
active 3'' and from ORD and CD spectra (Experimental 
Section) utilizing criteria described earlier."J4 

2. Solution Structures of Phosphine Complexes. 
To aid in the interpretation of phenomena described below, 
the structure of tert-butylphosphine complex 2c+Tfo- was 
probed by NMR spectroecopy. It has been shown that in 
the closely related alkyl complexes (q6-C6Hs)M(L)- 
(PPh3)(CH2R), the 3 J ~  values of the diastereotopic CH2 
protons exhibit a Karplus-type dependence upon the 
M 4 H &  c o n f ~ r m a t i o n . ~ ~ ~ ~ ~  We anticipated that a similar 
relationship would hold for the primary phosphine com- 
plexes 2a-c+X-, with maximal 3JHp at PhSP-ReP-H 
torsion angles of 0" and 180" and minimal V H p  at torsion 
angles of i90°.17 

Hence, 'H NMR spectra of 2c+TfO- were recorded be- 
tween 248 and 323 K in CDC13. The downfield phospho- 
rus-bound proton (6 6.48) did not show any resolvable 3 J ~  
(digital resolution, 0.30 Hz). The upfield PH proton (6 
4.72) exhibited a 3JHp that varied nonlinearly between 6.7 
and 7.3 Hz,Bb with an average of 7.0 Hz. Analogous trends 
were evident in the lH NMR data for 2a+TsO- and 2b+- 
TfO- (Table I). The downfield PH protons (6 7.60,5.83) 
exhibited very small 3 J ~ p  (10.8 Hz), whereas the upfield 
PH protons (6 5.87, 5.03) gave larger 3 J ~  (5.4, 5.0 Hz). 

Next, 2c+TfO- was subjected to a difference 'H NOE 
e ~ p e r i m e n t . ' ~ ~ J ~ J ~  Upon irradiation of the cyclo- 
pentadienyl ligand 'H NMR resonance (65%), enhance- 
menta were observed in the downfield PH proton (1.0%), 
the ortho PPh3 ligand protons (1.3%), and the tert-butyl 
protons (0.1%). The upfield PH proton exhibited no en- 
hancement. The interstice between the cyclopentadienyl 
and smaU nitrosyl ligand is known from a variety of data 
to be the most spaciouslOb*c and thus should best accom- 
modate the phosphorus tert-butyl substituent. Hence, 

(13) Absolute confiiations are assigned by a modification of the 
Cahn-Ingold-Prelog priority rules in which the cyclopentadienyl ligand 
ia conaidered to be pseudoatom of atomic number 30. This gives the 
priority sequence $-C& > PPh3 > PRHz > PRH > OTf > NO. See: 
Stanley, K.; Baird, M. C. J. Am. Chem. SOC. 1976,97,6698. Sloan, T. E. 
Top. Stereochem. 1981, 12, 1. Lecomte, C.; Dueausoy, Y.; Protae, J.; 
Tirodet, J.; Do-and, J. J. Organomet. Chem. 1974, 73, 67. In com- 
pound~ with rhenium and phosphorus stereooenters, the rhenium con- 
figuration ki specified fit. Note that the designations employed for the 
diastereotopic PH protons of 2a-c+X-, HR and &, depend upon the 
confiiation at rhenium. Thus, they are valid only for the arbitrary 
choice of enantiomer used in the schemea and f i e 8  of this paper. 

(14) (a) Memifield, J. H.; Strouse, C. E.; Gladyw, J. A Organometallics 
1982,1,1u)4. (b) Buhro, W. E.; Wong, A.; Memifield, J. H.; Lin, G.-Y.; 
Constable, A. G.; Gladysz, J. A. Zbid. 1983,2,1862. 

(16) (a) Stanley, K.; Baird, M. C. J. Am. Chem. Soc. 1976,97,4292. 
(b) Hunter, B. K.; Baird, M. C. Organometallic8 1986,4, 1481. 

(16) (a) Daviee, S. G.; Dordor-Hedgecock, I. M.; Sutton, K. H.; 
Whittaker, M. J.  Am. Chem. SOC. 1987, 109, 6711. (b) Seeman, J. I.; 
Daviee, 5. G. Ibid. 1986,107,6622. 

(17) Gorenstein, D. G. Phosphorus-31 NMR, Principles and Appli- 
cations; Academic Press: Orlando, 1984; pp 43-47. 

(18) Ned", D.; Williamson, M. The Nuclear Owrhrruser Effect in 
Structural and Conformational Analyses; VCH New York, 1989; 
Chapter 7. 
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325K 1 

266 K 1 

249 K 

A- 

PPm 
Figure 1. Variable-temperature 31P{1HJ NMR spectra of (q6- 
C,H5)Re(NO)(PPh3)(pPhH) (4a) in THF. 

these data were interpreted as indicating a very large 
equilibrium concentration of the RePRHz rotamer I, in 
which Hs and HR would be the downfield and upfield PH 
protons, respe~tively.'~ z~~ - smaller 3 J ~ p  (downfield) 

ON larger 3 ~ H p  (upfield) 

I 
3. Synthesis of Primary Phosphido Complexes. The 

secondary phosphine complexes [ (v5-C5Hs)Re(N0)- 
(PPh,)(P&H)]+X- are readily deprotonated to the cor- 
responding secondary pyramidal phosphido complexes.' 
Hence, the primary phosphine complexes 2a-c+X- were 
treated with t-BuO-K+ (THF, 25 "C). Workup gave the 
orange, air-sensitive primary phosphido complexes (v6- 
CSHs)Re(NO)(PPh3)(PRH) (4a-c) in 63-9870 yields 
(Scheme I). Complexes 4a-c were characterized analo- 
gously to 2+X- (Table I) and also by UV spectroscopy 
(Experimental Section). Most NMR and IR features were 
similar to those reported earlier for the secondary phos- 
phido complexes! Both 'H and 31P NMR spectra exhib- 
ited large 'JHp (176-209 Hz). The IR YPH values (KBr, 
2255-2281 cm-') were somewhat lower than those of 2+X-. 

The unsymmetrically-substituted phosphido groups in 
4a-c constitute stereocenters. Thus, each compound can 
in principle exist as two Re,P configurational diastereo- 
mers. Accordingly, low-temperature 'H and 31P NMR 
spectra in THF or THF-ds (Table I and Figure 1) showed 

L 
II IV 111 

(RR,SS) (RS,SR) 

the phenylphosphido complex 4s  to be a (50 f 2):(50 f 
2) mixture of diastereomers. A solid-state IR spectrum 
gave doubled absorptions, suggesting the cocrystallization 
of both diastereomers. 

Similarly, the methylphoephido complex 4b was a (89 
f 2):(11 f 2) mixture of diastereomers, as assayed by 'H 
and 31P NMR spectroecopy in toluene-& at -20 OC. These 
data gave a AG value of 1.1 kcal/mol. However, the 
tert-butylphosphido complex 4c showed only one set of 
resonances at temperatures as low as -100 "C. Further, 
'H NMR spectra recorded at 5-deg intervals between 20 
and -100 OC in THF-ds showed no broadening of the cy- 
clopentadienyl resonance. The deprotonation of 2c+TfO- 
in THF-ds by n-BuLi was monitored by 31P NMR spec- 
troscopy at -98 OC. Also, a crystal of 4c was dissolved in 
THF-de that had been cooled to -98 OC, and a 'H NMR 
spectrum was immediately recorded. In each experiment, 
only one set of resonances was observed. Thus, 4c was 
presumed to be diastereomerically homogeneous. 

The optically active tert-butylphosphine complex (-)- 
(S)-2c+TfO- was converted to the optically active tert- 
butylphosphido complex (-)-(S)-~C, [a]26sss -125O, by a 
procedure analogous to that used for the racemate. This 
ligand-baaed reaction was assumed to proceed with re- 
tention of configuration at rhenium, as supported by ORD 
and CD spectral data (Experimental Section). The optical 
rotation of (-)-(S)-4c showed negligible change after a e v d  
days in THF at room temperature ([a]25aes -122O). 
Analogous optically active, symmetrically-substituted 
phosphido complexes behave Thus, there must 
be an appreciable barrier to inversion of configuration at 
rhenium in 4a-c. 

4. Dynamic and Structural Properties of Phos- 
phido Complexes. When NMR samples of the phenyl- 
phosphido complex 4a were warmed, the PPh3 and PPhH 
31P resonances of the two diastereomers coalesced. The 
cyclopentadienyl and PH 'H NMR resonances behaved 
similarly. Representative spectra are shown in Figure 1, 
and data are summanzed * in Table II. Standard analysede 
gave a AG*nc) of only 11.5-11.6 kcal/mol for diastereomer 
interconversion. In view of the optical stability of other 
phosphido complexes noted above, this process must in- 
volve inversion of configuration at phosphorus. 

When NMR samples of the methylphosphido complex 
4b were warmed, the cyclopentadienyl and methyl 'H 
rmnancea similarly coalesced. Representative spectra are 
shown in Figure 2. As summarized in Table 11, the data 
eatablish a AGlnC) of 13.5-13.6 kcal/mol for the conversion 
of the minor diastereomer to the major diasterwmer. The 

values calculated for the conversion of the major 
diastereomer to the minor diastereomer are, as expected 
from the AG given above, ca. 1.1 kcal/mol greater. 

On the basis of previous studies of analogous secondary 
phosphido and primary amido complexes,rbJob~c the 

(19) Sandstrbm, J. Dynamic NMR Spectrometry; Academic Prw: 
New York, 1982. 
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Table I. Spectrorcopic Characterization of New Rhenium Phorphine and Phorphido Compleres 
IR, cm-' (KBr) 'H NMR,' 6 *lP(lH) NMR,b ppm '9C('H) NMR,' ppm 

e 3160-2840 m, y p ~  2329 w, wo 
1699 M, 1586 W, 1573 W, 1495 
w, 1481 m, 1436 8,1311 w, 
1203 I vbr, 1161 m, 1119 8, 
1095 8, 1073 m, 1033 8,1012 8, 

816 m, 741 m, 695 8,679 8 

7.69 (d, 'Jm = 8.1, 2 H), 7.60 (ddd, 
'JH~ = 411, 'Jm, 3.8, 'Jw = 
0.8, PHs), 7.54-7.27 (m, 20 H), 
7.09 (d, 'Jm = 7.8, 2 H), 5.87 
(ddd, 'JHT = 393, 'JHX = 4.4, 

2.30 (8, CH3)d 

15.87 (d, J = 14.9, 0 " s  at 146.13 (8,  i), 139.40 (8,  o), 
PPhB), -70.73 (d, 
J = 14.4, PH2Ph)dr 

129.13 (8, m), 126.63 (8,  p ) ,  21.41 
(a, CHJ; PPha at 134.09 (d, *J = 
11.1, 01, 132.90 (d, 'J = 57.7, i ) ,  
132.36 (d, 'J 5 2.5, p ) ,  130.10 (d, 

Ph A TSO- 998 m, 925 m, 908 m, 858 m, 'JHT = 5.4, pH,), 5.61 (8,  cas), 'J = 11.0, m); PPhH* at/ 133.93 
(d, '5 = 11.8,0), 132.06 (d, 'J = 
2.6, p ) ,  129.88 (d, *J = 11.9, m); 
92.47 (8, 

PPh3 at 133.33 (d, 'J = 11.0, o), 
132.46 (dd, 'J = 57.2, *J = 1.8, i) ,  
131.97 (d, 'J = 2.4, p ) ,  129.15 (d, 
'J = 11.1, m); 91.70 (8,  Cas), 
5.88 (dd, 'J = 41.3, *J = 1.6, 
CH.Jd* 

ON ,yN PPh, 

/p\ 

2a* TsO 

e 
ON'V-PPh3 

3015 m, 3089 m, 3001 w, y p ~  7.55-7.51 (m, 9 H), 7.33-7.25 (m, 6 
H), 5.83 (dm, 'Jw = 392.8, 'Jm. 
= 2.4," PHs), 5.54 (d, *Jw = 0.6, 
Cas), 5.03 (dm, 'JHT = 388.1, 
'JHT = 6.0," 'JHX = 2.8," PH,), 
1.71 (ddd, 2Jw = 12.8, 'Jm = 

14.67 (d, J = 17.2, 
2337 br w, wo 1696 w, 1587 
w, 1575 w, 1482 w, 1437 m, 
1417 m, 1280 w, % 1268 w, 
1223 m, 1161 s, 1095 m, 1031 
w, 986 m, 751 m, 698 8,636 

PPhB), -101.02 (dt 
J = 17.2, PH2Me)d 

TfO 
w 6.5, 'Jm, 6.2, CHJd 

2b* TfO 

e -Re+, 
3404 w, 3081 m, 2968 m, 2902 w, 7.54-7.52 (m, 9 H), 7.30-7.23 (m, 

2845 w, y p ~  2346 m, ~0 1715 6 H), 6.48 (dd, 'JH~ = 382.5, 
w, 1586 w, 1574 w, 1482 m, 'Jm. = 4.7, PH& 5.67 (8, Cad, 

1225 8, 1152 8, 1095 8, 1031 VB, 7.3, 'JHX 

17.20 (d, J = 15.0, PPhs at 133.11 (d, 2J = 10.6, o), 
131.70 (dd, 'J = 57.8, *J = 1.3, i ) ,  
131.60 (d, 'J = 3.0, p ) ,  129.26 (d, 

ON' I 'PPh3 1438 11,1369 m, 1287 VB, 4.72 (ddd, 'JHT 368.3, 'JHT = 'J = 10.4, m); 91.84 (8, Ca&, 
32.81 (dd, 'J = 39.5, 'J = 1.4, 

PPhs), -35.40 (dt 
J = 15.0, PH'RY 

4.7, PH,), 1.23 (d, t-BuOpH TfO- 999 m, 905 8,865 m, 749 8, 'JH~ 18.1,3 CH,# PCCs), 29.42 (d, 'J = 4.2, 3 CH& 

2c' TfO 

6 

697 8 

U ~ H  2311 m, ~0 1684 vs 7.68 (dd, 'JH~ = 393.0, 'Jm, 18.19 (d, J = 14.4 PPhs at 133.05 (d, 'J = 11.0, o), 
4.2, PHs), 7.54-7.61 (m, 6 H), 
7.37-7.26 (m, 9 H), 5.74 (a, Cas), 
4.67 (ddd, 'JHT = 365.2, *JHT 

*JPH 17.9, 3 CH# CHsY 

PPhS), -37.86 (d, 
J = 14.4, PH2RY 

131.74 (d, 'J = 57.2, i ) ,  131.31 (d, 
'J = 2.8, p ) ,  129.04 (d, *J = 10.0, 
m); 91.11 (8, Cas), 32.76 (d, 'J = 

7.6, 'JH- 4.5, PH,), 1.27 (d, 38.2, PCC,), 29.60 (d, 'J = 3.9, 3 

3052 m, vpH 2281/2256 m, w0 
1664/1627 w, 1580 m, 1572 

1182 m, 1160 w, 1093 m, 1067 
w, 1025 w, 998 m, 888 w, 857 
m, 820 m, 751 m, 742 m, 695 8 

7.63-7.27 (m, 17 H), 7.09-6.99 (m, 2 
H), 6.96-6.67 (m, 1 H), 5.19/4.86 

209/199, 'JPH ca. 10/<2, PH)'" 

24.22/18.72 b/d, J 
<2/15.4, PPhB), 

J = <2/15.4, PPhH)'" 

PPhs at 137.43 (d, 'J = 63.2, i ) ,  
135.08 (dd, 'J = 10.4, 'J = 2.7, o), 

*J = 10.3, m); PPhH at/ 133.75 
(d, 'J = 14.8, o), 128.10 (d, aJ = 
4.0, m), 125.32 (8,  p) ;  91.72 (8,  
CSHs)'P 

134.37 (dd, 'J = 10.8, 'J = 2.7, o), 
130.66 (d, 'J = 2.1, p ) ,  128.73 (d, 
' J  = 10.4, m); 90.98/89.83 (dd/d, 
major/minor, 'J = 3.7/1.5, 
1.5/<1, Cas), 9.44 (dd, ' J  = 

m, 1480 m, 1433 8,1309 w, (2 8, ca6) 3.74/3.34 (dd/d, 'JPH -91.84/-110.68 (s/dt 131.22 (d, 'J = 2.5, p ) ,  129.25 (d, 

3233 w, 3115 w, 3053 w, 2961 w, 
2896 w, vpw 2260 m, w0 1631 
w, 1684 m, 1572 m, 1480 m, 
1434 8,1090 m, 998 m, 816 m, 
751 m, 697 8 

7.56-7.49 (m, 6 H), 7.02<.92 (m, 9 
H), 4.67/4.54 (d/s, mcyor/mmor, 
'Jrrp = 1.4/<1, Cas), 3.28 (ddq, 
'Jw = 191.9, ' J H ~  - 8.0, *Jm 
= 7.1, PH), 1.90/1.56 (2 dd, 
major/minor, 'Jm = 6.9/6.2, 
'Jwp = 4.0/6.2, CH#g PHMePa 26.1, *J = 3.4, CHa)" 

26.66/21.28 (2 d, PPh, at 137.14 (d, ' J  = 53.2, i ) ,  
major/minor, J = 
6.5/19.1, PPh,), 
-127.26/-150.42 
(2 d,a major/minor, 
J = 6.4/19.1 Hz, 

3089 w, 3053 w, 2924 m, 2883 m, 7.60-7.54 (m, 6 H), 7.16-6.95 (m, 
2848 m, ypH 2273 m, wo 1632 9 H), 4.78 (d, 'Jwp = 1.0, 
w, 1479 8,1435 8, 1353 m, 3.53 (dd, 'Jw 9 198.0, *J- = 
1178 m, 1090 8, 999 m, 913 8, 10.6, PH), 1.31 (d, *Jw = 10.5, 3 
753 8,746 8, 696 VB, 682 8, 619 CHJ' 
m 

25.80 (br, PPhB), PPh3 at 136.53 (d, ' J  = 53.5, i), 
-34.60 (brf PHRP 133.91 (d, 'J = 10.2, o), 130.02 (8, 

p ) ,  128.38 (8 )  m); 90.79 (8, Cas), 
34.79 (d, 'J = 11.8, CHB), 32.81 
(dd, 'J = 15.1, *J = 3.0, PC)' 

3262 w, 3076 w, 2954 m, 2941 m, 7.66-7.63 (m, 6 H), 7.61-7.33 (m, 9 
2928 m, 2916 m, 2888 m, 2849 H), 5.00/5.12 (s/d, major/minor, major/minor, J = 136.64/136.99 (2 d, 'J = 
m, 2206 w, YNO 1634 VB, 1588 2 J ~  = <1/1.4, Cas), 1.10/1.17 29.9/<2, PPhs), 52.3/55.6, i), 134.85/134.52 
w, 1574 w, 1480 m, 1434 m, (d/d, major/minor, *JH~ = -55.84/-27.50, d/n, (dd/d, 'J = 9.5/10.4, 'J = 
1351 m, 1091 m, 820 m, 811 10.4/10.4 3 CHB), 0.54/0.84 (d/d, major/minor, J = 4.0/<2, o), 130.49/130.88 (d/a, 'J 
m, 744 m, 695 8 major/minor, 'Jw = 6.4/5.5, 29.9/<2, 29.9/<2, = 1.8/<1, p ) ,  128.62/129.10 (2 d, 

PCHs)'.' PRR')'J *J = 10.1/10.0, m); 90.39/93.51 
(s/d, 'J = <2/4.3 Hz, Cas), 
32.87/35.73 (dd/d, 'J = 
32.2/20.6, *J = 6.0/<2, PCCd, 
30.91/31.88 (2 d, 'J - 16.0/14.6, 
3 CHB), 10.55 (d, 'J = 37.1, 
PCHB)" 

PPha at 132.82 (d. *J * 10.7, 0).  

16.40/24.07 (d/s, PPh3 (major/minor) at 

3381 w. 3113 m. 2961 m. 2993 m. 7.55-7.62 (m. 9 HI. 7.34-7.27 (m. 6 15.72 (d. J = 15.7. . .  
2897 m, y p ~  2268 w, & 1704 ' 
w, 1687 w, 1574 w, 1482 m, 
1436 8,1367 m, 1267 w, 

H), 5.53 (a, C&), 5.13 (ddq, 'Jw 
= 364.4, 'Jwp = 9.6, 'Ja 3 4.7, 
PH), 1.59 (dd, 'JH~ = 9.6, 'Jm = 

FBu &A Me 1224 8, 1163 8, 1094 8, 1032 8, 6.5, PCH'), 1.19 (d, 'JH~ 17.1, 3 

PPh& -2.26 (d, 
J 15.7, PHRR'Y 

lil.91 (dd, 1J = 57.0, *J = 1.4, i), 
131.60 (d, 'J = 2.3, p ) ,  129.16 (d, 
*J = 10.6, m); 91.60 (8, Cas), 
34.27 (dd, 'J = 38.6, sJ = 2.3, 
PCCJ, 27.78 (d,'J 4.3, 3 CH,), I TfO' 999 m, 755 m, 698 8,637 8 CHJY 8.60 (d, 'J = 33.3, PCHJ'J' H 

(RS,SR)-I' TIO' 
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Rhenium Primary Phosphine and Phosphido Complexes Organometallics, Vol. 11, No. 7, 1992 2677 

Table I (Continued) 
IR, cm-I (KBr) 'H NMRp 6 *lP(lH) NMR,b ppm '8Cl1H] NMR: ppm 

7.55-7.52 (m, 9 H), 7.34-7.27 (m, 6 PPhs at 133.85 (d, 'J = 55.4, i ) ,  
H), 6.80 (q, 'Jm 6.3, 0.5PH)k PPhs), -37.79 (d, 133.25 (d, V = 11.0, o), 131.69 (a, 
5.55 (8, Cd-I&), 1.24 (d, V W p  = J = 14.0, PHRR'P p ) ,  129.40 (d, *J * 10.6, m); 91.92 
15.8,3 CHJ, 0.99 (dd, *!~p = (8 ,  C a d ,  36.04 (d, 'J = 38.7, 
10.9, ' Jm 6.3, PCHJJ PCCd, 28.60 (d, = 3.7,3 CHd, 

14.47 (d, J = 14.0, 

I TiO- 6.33 (d, 'J = 32.3, PCH& 
Me 

(RR,SS)-5' TfO' 

0 At 300 MHz and ambient probe temperatwe and referenced to internal Si(CH& All couplinge are in hertz. 121 MHz and ambient probe temperature 
and referenced to external 85% HQO& All couplings (hertz) are to phosphorus. 'At 75 MHz and ambient probe temperature and referenced to intemal 
Si(CH& All couplinge (hertz) are to phosphorus. Aeeignmenta of rewnanm to the PPhs carbona are made as described in footnote c of Table I in: Buhro, W. 
E.; Georgiou, S.; Fernbdez, J. M.; Patton, A. T.; Strouse, C. E.; Gladyaz, J. A. Organometallics 1986,5,956. CD&. @At -51 OC. f I p m  carbon mwce 
not observed. ralP NMR spectra (no proton decoupling) ahow l J p ~  = 398.6, 389.2 (dd, 2b"TK)-); 371 (t, 2c"TK)-); 377.6 (t, Zo+Cl-); 209/zOO (d/d, C); 
190.9/176.6 (d/d, 4b); 200 (IC). hDetermined from a decoupling experiment in which the 6 1.71 resonance was irradiated. 'CF, carbon reaowce not observed. 
jIn CDC18. *The other portion of this resonance ia obscured. 'In THF-d8 or THF. "At -74 OC. "At -64 OC. OAt 60 OC. p I n  toluene-de q At -20 OC. 'At -30 
OC. 'In C& 'At -25 'C. 

Table 11. Summary of Dynamic NMR Data for 
Diastereomeric Phorphido Complexes 

(rP-CsHs)Re(NO)(PPhs) (PRR') 
Av, Hz T(c), AG*: 

mmDd resonance (T.K)O K hpb kcal/mol 
4ad 'H CSHo 99.9 (194) 243 X0.02 11.5 f 0.1 

s'P PPhH 177.4 (209) 248 <0.02 11.5 f 0.1 
31P PPh8 606.7 (209) 265 <0.02 11.6 f 0.1 

14.9 f 0.1' 
'H Me 31.7 (213) 272 0.737 13.6 f 0.1 

14.6 f 0.le 

15.8 & O.lc 

15.6 & O,le 

4bd 'H C&H, 8.4 (213) 258 0.865 13.5 f 0.1 

6' 'H C6Hs 73.4 (223) 306 0.634 14.9 f 0.1 

'H t-BU 38.2 (223) 297 0.596 15.0 f 0.1 

Frequency difference between the two resonances that coalesce. 
AF' = Pl - Pz, where Pl and Pz are the normalized populations of 

the two diastereomers, as determined by integration of the low- 
temperaturelimit NMR spectrum. 'The error limita correspond 
to an uncertainty of f2 K in T(c).le In THF or THF-de e For the 
conversion of the minor diastereomer to the major diastereomer. 
f In toluene-& 

idealized structures I1 and IIJ (Scheme 11) are likely to 
represent the most stable RePRH rotamers of the RR,SS 
and RS,SR  diastereomer^'^ of 4a-c. We sought to assign 
configurations to each pair of diastereomers. However, 
their rapid interconversion precluded the type of NOE 
experiment conduded with 2c+TfO-. Thus, orange gem- 
quality priema of 4c were grown from benzene/hexane, and 
X-ray data were collected as described elsewheree8" 

Refinement gave a structure exhibiting positional dis- 
order of the tert-butylphosphido ligand and probable po- 
lysynthetic twinning.2o As a result, a very poor structure 
solution was obtained (R, 0.17). The major component 
(ca. 80% ) showed a RePRH conformation that placed the 
tert-butyl group in the interstice between the nitrosyl and 
cyclopentadienyl ligands, "with a Ph3P-Re-p-C torsion 
angle of ca 125O. The RePRH conformation of the minor 
component appeared to orient the tert-butyl group be- 
tween the cyclopentadienyl and PPh3 ligands. No PH 
protons were located, and diastereomer assignments were 
made from reactivity data and spectroscopic correlations 
as described below. 

5. Protonation of Phosphido Complexes. The sec- 
ondary phoephido complexes (qs-CJ-IJRe(NO)(PPh3)@W 
are extremely reactive toward electr~philes.~ Thus, a 
benzene solution of 40 was treated with triflic acid (1.0 
equiv). Workup gave the tert-butylphosphine complex 
2c+TfO- in 62% yield (Scheme 111). 

(20) Bueger, M. J. Crystal-Structure Analysie, Wiley: New York, 
1960; pp 53-68. 

297K ) ( 

R 
263K J ( 

n 
258K ) [ 

d 
223 K - 

5.20 5.10 5.00 ppm 

Figure 2. Variable-temperature 'H NMR spectra of ($- 
C~H6)Re(NO)(PPh,)(PMeH) (4b) in THF-d8 (cyclopentadienyl 
resonance region). 

Next, 40 and excess HC1 gas were similarly reacted. 
Workup gave the phosphine complex 2c+C1- as a yellow 
foam (89%; Scheme III). Interestingly, some spectroscopic 
features differed aign&antly from thoee of 2c+Tfo- (Table 
I). For example, IR spectra showed y p ~  (KBr/CHC18: 
2311/2326-2326 cm-') that were lower than that of 2c+- 
TfO- (KBr/CHC13: 2345-2349/2338 cm-l). Also, the 'H 
NMR chemical shifta of the PH protons differed by >3.00 
ppm. One (6 4.67) was very close to that of HR in 2cr'fo- 
(6 4.72; see I), whereas the other (6 7.68) was shifted 1.20 
ppm downfield from Hs in 2cvrpO- (6 6.48). The 3 J ~  were 
virtually unaffected, suggestive of an unperturbed Re- 
PRHz conformation. 

The conductance (Q,) of dichloromethane solutions of 
2c+Cl- and 2c+TfO- (1.03-1.07 X M) was measured. 
Values of 20 and 48 W were obtained, respectively. Under 
comparable conditions, the carbonyl complex [ (q6-C6Ha)- 
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2678 Organometallics, Vol. 11, No. 7, 1992 Zwick et al. 

Table 111. Summary of Crystallographic Dah for Phosphine Complexen [(~-CrH6)~(NO)(PPh~)(P(t-Bu)Ht)]+C1-* 0.WH&12 
(2c*CI- 0.WH&12) and (RS ,SR )-[ ( ?-C~H~)R~J( NO) (PPh,) (P( t -Bu)MeH)]+TfO- ((R8 ,SR)-S+TfO-) 

compound 2c+C1-&.5CH&lZ (RS,SR)-S+TfO- 
mol formula CnHSIClNOP~FbO.5CHzClz C&IaFsNOIPzReS 

796.798 mol wt 
cryst system 
space group 
cell dimens (16 "C) 

a, A 
b, A 
c. A 
8, deg 
u, As 
z 

doh, ~ / d  (22 "C) 
d d ,  y / c m s  (16 "C) 
cryst h e n s ,  mm 
radiatn, A 
data collection method 
scan speed, deg/min 
reflns measured 
range/indicea (hkl) 
scan range 
28 limit, deg 
no. of reflns between std 
total unique data 
OM data, Z > 340 
abs coeff, cm-I 
min transmission, % 
max transmission, % 
no. of variables 
noodness of fit 

Ap (max, eA-s 

711.66 
orthorhombic 
Pbca (No. 61) 

15.265 (3) 
18.698 (5) 
19.796 (5) 

5650.44 
8 
1.66 
1.67 
0.35 X 0.28 X 0.15 
Mo Ka (0.71073) 
8-28 
variable, 3.0-8.0 
4423 
0,18, 0,22, 0,23 
Kal -1.0 to Kaz +1.0 
3.0-46.0 
98 
4423 
2567 
49.78 
69.96 
99.89 
316 
2.55 
0.033 
0.036 
0.003 
0.503, 0.924 A from Re 

Scheme 111 

4c 1 HOTf 

2c+ CI- 

111 

2c+ TfO- V 

Re(NO)(PPhs)(CO)]+BF,-, in which there is no preced- 
entad poseibility for sisnificant cation/anion interactions, 
gave QM of 50-60 El. Thus, solutions of 2c+Cl- show much 
lese conductance than those of related compounds that 
must be 1:l electrolytes. The preceding data were taken 
as evidence for a P-H-Cl hydrogen bond involving the Hs 
proton in 2c+C1-, as shown in V (Scheme III).21 

This structural issue was probed crystallographically. 
X-ray data were collected on the solvate 2c+Cl-*(CH2C12)o.6 
as 8- * in Table III. Refinement, described in the 

(21) Studiea of P.-H..X hydrogen bonding in solution (X = I, Br, C1, 
F): van den M e r ,  M.; Jellinek, F. Red. mu. Chim. Pays-Bae 1967,86, 
275. 

Cll@ 

monoclinic 
R ~ / c  (NO. 14) 

11.499 (1) 
9.227 (1) 
30.399 (1) 
100.53 (1) 
3170.90 
4 
1.67 
1.66 
0.40 X 0.25 X 0.12 
Mo Ka (0.71073) 
8-28 
3.0-8.0 
5721 
OJ3, 0,10, -34,34 
KaI -1.3 to Ka2 +1.3 
3.0-46.0 
98 
5602 
3582 
40.96 
70.48 
99.98 
391 
3.38 
0.037 
0.043 
0.032 
1.044, 1.276 A from Re 

9 

10 

c22 

C26 

Figure 3. Structure of tert-butylphosphine complex 2c+Cl-. 
O.SCHzC12: top, numbering diagram; bottom, Newman-type 
projection of the cation down the P2-Re bond with the PPha 
phenyl groups omitted. 

Experimental Section, yielded the structure shown in 
Figure 3. Both phosphorus-bound hydrogen atoms were 
located (HS/H* = H21/H22). Atomic coordinates, and key 
bond length, bond angles, and torsion angles, are listed 
in Tables IV and V. A table of anisotropic thermal pa- 
rameters is given in the supplementary material. 

Although the metrical parameters associated with the 
PH protons have considerable experimental error, they 
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Rhenium Primary Phosphine and Phosphido Complexes Organometallics, Vol. 11,  No. 7, 1992 2679 

Table IV. Atomic Coordinater and Equivalent Inotropic Thermal Parameten of Loeoted A t o m  in 2c+C1-*O.6CH&l2 and 
(RS,SR )-I+TfO-" 

atom x Y 2 E, A2 atom x Y 2 B, A2 
~c+C~-~.SCH~CL (RS,SR)-S+TfO- 

Re 
c11 
c12 
P1 
P2 
0 
N 
c1 
c2 
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
c19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
H21* 
H22* 

0.15988 (2) 
0.2212 (3) 
0.5217 (3) 
0.1881 (2) 
0.0997 (2) 

-0.0048 (5) 
0.0596 (5) 
0.2941 (8) 
0.2409 (9) 
0.2067 (8) 
0.243 (1) 
0.2990 (8) 
0.1935 (6) 
0.1987 (7) 
0.2049 (8) 
0.2038 (8) 
0.1997 (9) 
0.1941 (7) 
0.2915 (6) 
0.3007 (8) 
0.3766 (9) 
0.4473 (8) 
0.4418 (7) 
0.3650 (7) 
0.1065 (6) 
0.1323 (8) 
0.069 (1) 

-0.0200 (9) 
-0.0459 (8) 
0.0188 (7) 

-0.0046 (9) 
-0.0801 (7) 
0.003 (1) 

-0.018 (1) 
0.488 (2) 
0.168 
0.084 

0.07594 (2) - 
-0.0336 (2) 
0.0723 (3) 
0.2003 (1) 
0.0891 (1) 
0.0856 (5) 
0.0836 (4) 
0.0512 (7) 
0.0039 (8) 

-0.0338 (6) 
-0.0136 (7) 
0.0422 (7) 
0.2339 (5) 
0.1883 (6) 
0.2175 (7) 
0.2898 (7) 
0.3359 (6) 
0.3083 (6) 
0.2250 (5) 
0.2205 (8) 
0.2401 (8) 
0.2631 (7) 
0.2636 (7) 
0.2456 (6) 
0.2599 (5) 
0.3178 (6) 
0.3604 (7) 
0.3467 (6) 
0.2901 (6) 
0.2454 (5) 
0.0433 (6) 
0.0797 (9) 

-0.0353 (6) 
0.0495 (7) 
0.492 (1) 
0.082 
0.166 

0.06819 (2) 
0.3039 (3) 
0.0187 (3) 
0.0603 (1) 
0.1773 (1) 

-0.0089 (4) 
0.0238 (4) 
0.0271 (8) 

-0.0016 (8) 
0.052 (1) 
0.1151 (7) 
0.0950 (7) 

-0.0265 (5) 
-0.0816 (5) 
-0.1468 (5) 
-0.1547 (6) 
-0.1017 (6) 
-0.0372 (5) 
0.0990 (5) 
0.1687 (5) 
0.2004 (6) 
0.1643 (6) 
0.0947 (6) 
0.0633 (6) 
0.0985 (5) 
0.1379 (6) 
0.1663 (7) 
0.1552 (6) 
0.1159 (6) 
0.0883 (5) 
0.1968 (6) 
0.1594 (7) 
0.1785 (7) 
0.2743 (7) 
0.448 (1) 
0.215 
0.215 

2.821 (6) 
11.0 (1) 
10.1 (1) 
2.55 (5) 
3.51 (6) 
5.4 (2) 
3.2 (2) 
6.7 (4) 
7.6 (3) 
8.2 (5) 
6.7 (3) 
5.8 (3) 
3.0 (2) 
3.9 (2) 
5.0 (3) 
5.3 (3) 
4.8 (3) 
3.7 (2) 
2.8 (2) 
5.6 (3) 
6.2 (3) 
5.0 (3) 
5.1 (3) 
4.3 (2) 
2.8 (2) 
5.8 (3) 
7.6 (4) 
6.1 (3) 
4.7 (3) 
3.5 (2) 
5.2 (3) 
6.9 (4) 
6.7 (3) 
7.5 (4) 

13.8 (8) 
5.0 
5.0 

Re 
P1 
P2 
0 
N 
c1 
c2 
c 3  
c 4  
c 5  
C6 
c7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
c19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
F1 
F2 
F3 
01 
0 2  
0 3  
S 
H22 

0.10989 (3) 
0.2985 (2) 
0.1938 (3) 
0.0524 (7) 
0.0788 (7) 
0.075 (1) 

-0.020 (1) 
-0.080 (1) 
-0.026 (1) 
0.072 (1) 
0.2982 (8) 
0.3868 (9) 
0.385 (1) 
0.297 (1) 
0.208 (1) 
0.2066 (9) 
0.4181 (9) 
0.400 (1) 
0.488 (1) 
0.590 (1) 
0.618 (1) 
0.529 (1) 
0.3592 (8) 
0.430 (1) 
0.479 (1) 
0.455 (1) 
0.384 (1) 
0.3371 (9) 
0.122 (1) 
0.139 (1) 

-0.009 (1) 
0.176 (1) 
0.210 (1) 
0.256 (2) 
0.729 (1) 
0.6325 (7) 
0.763 (2) 
0.9369 (8) 
0.756 (1) 
0.219 (2) 
0.8217 (3) 
0.321 (9) 

0.16153 (4) 
0.0668 (3) 
0.3475 (3) 

-0.0605 (9) 
0.0373 (9) 
0.164 (1) 
0.087 (1) 
0.185 (1) 
0.317 (1) 
0.308 (1) 

-0.070 (1) 
-0,076 (1) 
-0,182 (1) 
-0.284 (1) 
-0.281 (1) 
-0,175 (1) 
0.180 (1) 
0.287 (1) 
0.386 (2) 
0.376 (2) 
0.266 (2) 
0.168 (2) 

-0.054 (1) 
-0.172 (2) 
-0.257 (2) 
-0.221 (2) 
-0.107 (1) 
-0.025 (1) 
0.391 (1) 
0.263 (2) 
0.416 (2) 
0.524 (2) 
0.519 (1) 
0.292 (2) 
0.892 (1) 
0.766 (1) 
0.686 (3) 
0.737 (1) 
0.602 (1) 
0.328 (2) 
0.6991 (4) 
0.33 (1) 

0.11873 (1) 
0.11686 (8) 
0.16853 (8) 
0.1837 (2) 
0.1592 (2) 
0.0413 (3) 
0.0569 (4) 
0.0819 (4) 
0.0813 (4) 
0.0567 (3) 
0.0711 (3) 
0.0458 (3) 
0.0135 (4) 
0.0065 (4) 
0.318 (4) 
0.0640 (3) 
0.1121 (3) 
0.0808 (5) 
0.0759 (6) 
0.1034 (5) 
0.1365 (5) 
0.1406 (4) 
0.1654 (3) 
0.1608 (4) 
0.1978 (5) 
0.2393 (4) 
0.2443 (4) 
0.2072 (3) 
0.2172 (3) 
0.2490 (3) 
0.2009 (4) 
0.2413 (4) 
0.1399 (4) 
0.3964 (6) 
0.1283 (3) 
0.1007 (4) 
0.1422 (5) 
0.0772 (5) 
0.0443 (4) 
0.4646 (5) 
0.0706 (1) 
0.184 (3) 

3.959 (7) 
3.99 (6) 
4.97 (6) 
7.7 (2) 
4.7 (2) 
5.5 (2) 
7.2 (3) 
6.7 (3) 
7.3 (3) 
6.7 (3) 
4.2 (2) 
5.5 (3) 
7.1 (3) 
6.7 (3) 
5.8 (3) 
4.8 (2) 
6.1 (2) 
9.0 (3) 

12.2 (5) 
12.2 (4) 
12.1 (6) 
8.2 (3) 
4.6 (2) 
6.7 (3) 
8.4 (4) 
7.7 (3) 
6.6 (3) 
5.3 (2) 
6.0 (3) 
7.9 (4) 
9.6 (4) 
9.7 (4) 
7.5 (3) 

10.9 (6) 
13.0 (3) 
15.0 (4) 
22.1 (8) 
15.0 (4) 
16.4 (4) 
23.1 (8) 
7.54 (8) 
5.0 

"Atome refined anisotropically are given in the form of the isotropic equivalent displacement parameter, defied as (4/3)[a2B(1,1) + 
b2E(2,2) + c2E(3,3) + ab(cos y)E(1,2) + ac(coe @)E(1,3) + bc(coe a)E(2,3)]. The starred atoms were located but their positions were not 
refiied. 

provide support for a P* *Hs- C1 hydrogen bond in crys- 
talline ~ C + C ~ - - ( C H ~ C ~ ~ ) , , ~  Most importantly, the Hs- 4 1  
contact (2.90 A) is lees than the sum of the van der Waals 
radii (2.96-3.00 A)= and similar to that in other P..H**X 
interactions.% The distance between HR and C1 ii much 
greater (4.63 A), and the P/Cl termini of the hydrogen 
bond are separated by only 3.87 k Another noteworthy 
feature is the Re-PRH2 conformation, which is analogous 
to that established for 2c+TfO- in solution. The Ph3P- 
Re-P-H torsion angles ( 5 O ,  H,; -8Q0, Hs) are in good 
agreement with those expected from the 3JHp data and the 
Karplus relationship. 

The hydrogen bond in 2c+C1- constitutes a potential 
transition-state model for deprotonation to the phosphido 
complex 4c. In this event, only one of the two diastereo- 
topic PH protons in 2c+X- would be abstracted by base. 

(22) Moeller, T. Inorganic Chemistry; Wiley: New York, 1982; pp 

(23) Whuler, A.; Brouty, C.; Spinat, P. Acta Crystallogr. 1980, B36, 
1267. Much structural data are available for N- .H- 421 hydrogen bonds 
in complexea of the type [L.M(NRH2)]"+nCl-. The Ha -C1 distances range 
from 2.4 to 2.9 k 

(24) P..H..I in PH,+I- (2.87 f 171.6O): Sequeira, A.; Hamilton, W. 
C. J. Chem. Phys. 1967,47, 1818. 

67-73. 

Scheme IV. Deuteration of tert-Butylphorphido Complex 
4c 

I Tfo- I Tfo- 
H D 

4c (RS,SFI)-2c+-dq TfO' (RR,SS)-2C+-di TfO- 

)58:421 
111 111 

of each 
diastereomer depicted 

VI VI1 

Deuterated derivatives were sought that would enable this 
possibility to be tasted. Thus, a -80 "C THF solution of 
4c was slowly added to a -80 OC THF solution of triflic 
aciddl (1.2 equiv). Workup gave b+-dlTfO- that was only 
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Table V. Selected Bond Length (A), Bond Angler (deg), 
and Torsion Angles (de& in 2c+C1-*O.5CE&l2 and 

Re-N 
N-O 
P1C6  
P l C 1 2  
P lC l8  
P2-H21 
P2-H22 
H21Cll 
P2C24 
C24C25 
C24C26 
C24C27 
M I  
M 2  
ReC3  
Re-c4 
R e c 5  
C1C2 
C l C 5  
C2C3 
C3C4 
C4C5 
Pl-Re-P2 
P1-Re-N 
P2-RwN 
Re-N-O 
Re-PIC6 
R e p 1 4 1 2  
Re-PlC18 
C 2 C l C 5  
C l C 2 C 3  
C2C3C4 
C3C4C5 
ClC&C4 
Re-P2C24 
P2C24C25 
P2C24C26 
P2424C27 
Re-P2-H22 
Re-P2-C28 
ReP2-H21 
C24-P2-H22 
C24-P2C28 
H22-P2-C28 
H22-P2-H21 
P2-H21Cll 
Pl-Re-P2424 
Pl-Re-P2-H22 
Pl-Re-P2-H2 1 
Pl-Re-P2-C28 
N - b P 2 C 2 4  
N-Re-P2-H22 
N-Re-P2-H21 
N - b P 2 C 2 8  

1.772 (6) 
1.177 (7) 
1.831 (7) 
1.814 (6) 
1.834 (6) 
1.29 
1.64 
2.90 
1.847 (8) 
1.53 (1) 
1.52 (1) 
1.55 (1) 
2.252 (8) 
2.291 (9) 
2.285 (8) 
2.297 (8) 
2.278 (8) 
1.33 (1) 
1.36 (1) 
1.43 (2) 
1.45 (2) 
1.40 (I) 

91.66 (6) 
92.6 (2) 
96.3 (2) 

175.5 (5) 
114.0 (2) 
112.3 (2) 
116.5 (2) 
112.0 (1) 
106.0 (1) 
108.6 (9) 
103.3 (9) 
109.9 (9) 
118.6 (3) 
110.1 (5) 
109.2 (6) 
106.5 (6) 
124 

102 
114 

87 
131 
134.1 (5) 
5 

-89 

41.3 (5) 
-88 
178 

2.373 (2) 
1.765 (4) 
1.177 (5) 
1.818 (5) 
1.811 (6) 
1.828 (5) 

1.46 (6) 

1.868 (6) 
1.518 (9) 
1.51 (1) 
1.505 (9) 
2.316 (5) 
2.282 (6) 
2.271 (7) 
2.264 (6) 
2.293 (6) 
1.453 (9) 
1.412 (9) 
1.44 (1) 
1.36 (1) 
1.46 (1) 

92.45 (5) 
93.1 (1) 
97.8 (1) 

175.0 (4) 
113.9 (2) 
117.0 (2) 
115.0 (2) 
106.6 (6) 
108.9 (6) 
107.0 (6) 
110.5 (7) 
106.9 (6) 
118.2 (2) 
108.0 (4) 
109.4 (4) 
110.6 (5) 
115 (2) 
112.7 (2) 

109 (2) 
106.7 (3) 
93 (2) 

135.2 (4) 
5 (4) 

-99.5 (5) 

-89 (4) 

167.0 (6) 

41.7 (5) 

'Since hydrogen atom positions were not refined in 2c+C1-- 
0.5CHzCl2, estimated standard deviations are not given for the 
corresponding metrical parameters. 

a (58 f 2):(42 f 2) mixture of RS,SR/RR,SS diastereomers 
(Scheme IV), as assayed by lH NMR spectroscopy. An 
opposite order of acid addition gave lower diastereose- 
lectivity, and identical results were obtained in NMR 
monitored reactions. In view of the modest label fidelity, 
deprotonation studies were not pursued. 

6. Diastereoselective Alkylation of 4c. Finally, we 
sought to study reactions of 4 and alkylating agents. 
Hence, a benzene solution of 4c was treated with methyl 
triflate (1.5 equiv). A simple precipitation gave the sec- 
ondary phosphine complex [(eS-C~s)Re(NO)(PPh3)(P(t- 
Bu)MeH)]+TfO- (5+TfO-) as a powder in 95% yield 

Scheme V. Diastereoselective Methylation of 
tert -Butylphoephido Complex 4c 

I 
H 

(RR, Ssj-4c 

PPh, 

I TIO- 
H 

(RR,SS)-5* TIO- 

(RS,SR)-5* TIO' Vlll 

f-BUO' K' 1 

IX 

(RR,SS)-6 X 

(+ other Re-PRR' 
rotamen) 

only one enantiomer of each 1 diastereomer depicted 

(Scheme V). An analytical sample was prepared and 
characterized similarly to the other new compounds de- 
scribed above. By all criteria, the crude and purified 
product was a single diastereomer (>98% de). 

In order to unequivocally assign structure, X-ray data 
were collected on 5+Tf0- as summarized in Table 111. 
Refinement gave the structure shown in Figure 4 - a  RS,SR 
diastereomer. The PH proton (H22) was located. Atomic 
coordinates, and key bond lengths, bond angles, and tor- 
sion angles, are listed in Tables IV and V. A table of 
anisotropic thermal parameters is given in the supple- 
mentary material. 

The triflate anion in (RS,SR)-S+TfO- showed some de- 
gree of thermal disorder. Nonetheless, distances between 
the triflate oxygens and H22 were bounded as 6.2-6.9 A, 
thus showing hydrogen bonding to be absent. Also, 
(RS,SR)-S+TfO- was subjected to a difference 'H NOE 
experiment. Irradiation of the cyclopentadienyl resonance 
(87 % ) gave enhancements of 3.1 % in the methyl protons, 
1.0% in the tert-butyl protons, and 2.9% in the ortho PPhs 
ligand protons. These data indicate that the Re-PHRR' 
rotamer found in the solid state also dominates in solution. 

Next, (RS,SR)-S+TfO- was treated with t-BuO-K+ 
(Scheme v). Workup gave the tert;butyhethylphosphido 
complex (~6-C,Hs)Rs(NO)(PPh,)(P(t-Bu)Me) (6) in 86% 
yield. Complex 6 was much more air sensitive than 4a-c. 
When 'H or 31P NMR spectra were recorded in THF-d8 
at -25 "C, a (80 f 2):(20 f 2) mixture of diastereomers was 
observed. Their resonances coalesced upon warming, and 
selected data are given in Table ILZ6 The AG*T(c) valves 
were slightly greater than those of the primary phosphdo 
complexes 4a,b. 

(26) Variable-temperature NMR spectra are depicted in ref 8b. 
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"g.. 

c20 c22 
W 
c2 1 

P1 

Figure 4. Structure of the cation of secondary phosphine complex 
( R S S R ) - S W :  top, numbexbg diagrauq bo", Newman-type 
projection down the P2-Re bond with the PPh3 phenyl groups 
omitted. 

A benzene solution of 6 was treated with triflic acid 
(Scheme V). Workup gave a (80 f 2):(20 f 2) mixture of 
(RS$R)-S+TfO- and a new diastereomer, (RR,Sss)-S+TfO- 
(93%). Complete NMR data for both compounds are 
given in Table I. The transition state for protonation 
almost certainly involves retention of configuration at  
phosphorus-Le., "frontside" attack upon the lone pair. 
Thus, only (RS,SR)8 can give (RS$R)-S+TfO-, and only 
(RR,SS)-B can give (RR,SS)-S+TfO-. Since the diaste- 
reomer ratios of the reactants and products in Scheme V 
exactly match, (RS,SR)-6 can be confidently assigned as 
the more stable phosphido complex diastereomer. 

Discussion 
1. Structures of Phosphine Complexes. Several 

prior structural studies of related compounds are relevant 
to our data with the primary phosphine complexes 2+X-. 
For example, the benzyl complex ($-CSHs)Re(NO)- 
(PPh3)(CHzPh) (7) adopts a solid-state Re-CH2Ph con- 
formation that places the phenyl substituent in the spa- 
cious interstice between the nitrosyl and cyclopentadienyl 
ligands (see XI),'& similar to the tert-butyl substituent 
position in 2c+C1--0.5CH2Clz (Figure 3). However, the 

XI XI1 

L P-Re-C-C = 157" L N-Re-C-C = 63" 
L P-Re-C-HR= 39' LN-Re-C-HR= - 5 4 O  
L P-Re-C-Hs= - 9 4 O  L N-Re-C-Hs= 173" 

0 n 

Figure 5. Views of the PPh3 rotors of 2c+C1--0.5CH2Cl2 (left) 

ON-Re-X-C torsion angle in 7 is somewhat greater (63O 
vs 41O). Thus, the bulkier tert-butyl substituent is dis- 
placed further from the medium-sized cyclopentadienyl 
ligand and toward the small nitrosyl ligand. 

Monodeuterated derivatives of 7 and the analogous ethyl 
complex have been prepared with labels exclusively in the 
HR and Hs positions.28 In contrast to 2+X-, the Hs 'H 
NMR resonances are upfield of the HR resonances. 
However, in accord with the Karplus relationship'"'' and 
agreement with 2+X-, HR exhibits the larger 3JHp values 
(7,8.0 w 3.0 H z ) . ~  Also, 'H NOE experiments with other 
alkyl complexes (t15-CsHs)Re(NO)(PPhS)(CHzR) show ca. 
1% enhancements of the Hs resonances upon cyclo- 
pentadienyl ligand irradiation but none for HRZ8 Inter- 
estingly, the 3 J ~ p  value for HR in 2c+TfO- is ca. 2 Hz 
greater than those of 2a,b+X- (Table I). This suggests a 
greater displacement of the tert-butyl group from the cy- 
clopentadienyl ligand, as analyzed for 2c+TfO- and 7, with 
a consequential decrease in the Ph3P-Re-P-HR torsion 
angle to a value closer to Oo. 

The crystal structures of the primary phosphine complex 
2c+C1--0.5CH2ClZ and the secondary phosphine complex 
(RS,SR)-S+TfO- (Figures 3 and 4) exhibit considerable 
homology with regard to bond lengths and angles about 
rhenium (Table V). Also, the torsion angles about the 
Re-PRR'H bonds are virtually identical. The absence of 
any perturbation by the methyl group in (RS,SR)-S+TfO- 
suggests that the tert-butyl groups are the principal de- 
terminants of Re-PRR'H conformation. 

The four Re-P bonds in 2c+Cl--O.5CHzCl2 and (RS,- 
SR)-S+TfO- (2.361 (2)-2.384 (1) A) are much shorter than 
the Re-Pb bonds in sy"etricaUy-s!btituted phosphido 
complexes (7f-CsH )Re(NO)(PPh3)(P&) (R = Ph, t-Bu; 
2.461 (3)-2.526 (4) 1): This can be chiefly ascribed to the 
removal of repulsive interactions between the phosphido 
phosphorus lone pair and fded metal orbitala-such as the 
d orbital HOMO shown in XIIB-as analyzed earlier.4b 
The Re-PPh3 bond lengths (2.370 (2)-2.384 (1) A) are 
essentially identical with those in (q6-CsHs)Re(NO)- 
(PPh,)(Pb) (2.358 (3)-2.357 (4) A). 

Crystalline 2c+C1-.0.5CH2Cl2 and (RS,SR)-S+TfO- differ 
in one very interesting aspect. Namely, the PPh3 ligands, 
which constitute stereocenters due to their propeller-like 
geometries,3o adopt opposite helical pitches. This feature 

and (RS,SR)-S+Tfo- (right). 

(26) (a) Kiel, W. A.; Lin, G.-Y.; Constable, A. G.; McCormick, F. B.; 
Strouse, C. E.; Eieenetein, 0.; Gladyez, J. A. J. Am. Chem. SOC. 1982,104, 
4886. (b) Kiel, W. A.; Lin, G.-Y.; Bodner, G. 5.; Gladyez, J. A. Zbid. 1988, 
106,4968. 

(27) The iron alkyl complex (?s-CsHI)Fe(CO)(PPhs)(CHISiMes) also 
bears an obvious steric relationahip to ~ C + X - ? ~  It exhibita Plbp-Fd-X 
tolaion anglea of 147O, 24*, and -87' (X 5 Si, HR, Hs). The HR 'H NMR 
resonance is upfield from that of Hs, and exhibits a larger a J ~  value (13.8 
VE 1.9 Hz). 

(28) Bodner, G. S.; Emerson, K.; Larsen, R. D.; Gladpz, J. A. Or- 
ganometallics 1989,8, 2399. 
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is illustrated in the partial structures in Figure 5. In 
solution, the rotor configurations rapidly invert (AG* I 
5 kcal/mol),goc and distinct diastereomers are not detected. 
In the solid state, lattice forces might influence the con- 
figuration. However, if thew are negligible in Figures 3-5, 
then the replacement of HS-Cl in 2c+Cl--0.5CH2C12 by the 
larger methyl group in (RS,SR)-S+TfO- is responsible for 
inverting the screw sense of the PPh, rotor. In other 
chiral-at-metal complexes, the configurations of phosphine 
rotors have been viewed primarily as a function of metal 
Chirality.% 

2. Hydrogen Bonding. Over the past few years, a 
variety of metal complexes of the general formula L,,M%R,,, 
have been shown to form hydrogen bonds-often to acids 
as weak as phenols.31-" We have demonstrated that the 
nitrogen lone pairs in amido complexes ($-C5Hs)Re- 
(N0)(PPh3)(NRR3 are much more basic and nucleophilic 
than those in organic amines and suspect that similar 
trends hold for most coordinatively saturated L,,hbtR,) 
complexes.*0c Thus, the donor atoms in such molecules 
should generally be superior hydrogen bond acceptors. 
Conversely, the conjugate acids [L,MXHR,]+ (such as 
cations 2+) should be somewhat lese effective hydrogen 
bond donors than organic analogues. 

Surprisingly, there appear to be relatively few studies 
of P* -He OX hydrogen bonds in the Our data 
show that, in solution, the chloride ion more readily bonds 
to 2c+ than the triflate ion. This trend is consistent with 
the Brransted acidity order TfOH > HCl.% Thus, the 
chloride ion is the stronger conjugate base. Also, chloride 
ion deprotonates cationic metal hydride complexes more 
rapidly than the more basic acetate ion.% 

Although our data also provide good evidence for hy- 
drogen bonding in crystalline 2~+Cl--(CH2C12)o.~, such 
phenomena can be capriciously influenced by packing 
forces. For example, the dimethylamine complex [($- 
CsHs)Re(NO)(PPh3)(NHMe2)]+TfO- crystallizes with a 
N**H*-OTf hydrogen bond, although there is no evidence 
for any interaction in solution.Ob Similarly, some ruthe- 
nium amine complexes of the formula [($-C&)RU(L)~- 
(NHRR') ]+TfO- crystallize with N. *Ha .OTf hydrogen 
bonds, whereas others do not." 

Finally, the diastereoeelective nature of the hydrogen 
bonding in 2c+Cl- suggests that the Hs protons are ki- 
netically more acidic than the HR protons. However, the 

Zwick et al. 

(29) (a) Schihg, B. E R; Hoffmann, R; Faller, J. J. Am. Chem. SOC. 
1979,101, 692. (b) Georgiou. S.; Gladyez, J. A. Tetrahedron 1986,42, 
1109. (c) Czech, P. T.; Gladyez, J. A; Fenske, R F. Organometallics 1989, 
8,1806. 
(30) (a) Bye, E; !kweizer, W. B.; Duuitz, J. D. J. Am. Chem. SOC. 1982, 

104,6893. (b) Brunner, H.; Hammer, B.; m e r ,  C.; Angermund, K.; 
B e d ,  I. Organometallics 1986,4,1063. (c) Davies, S. G.; Derome, A. 
E.; McNalley, J. P. J. Am. Chem. SOC. lSSl,ll3,2864. 

(31) (a) Kegley, 9. E.; Schaverien, C. J.; Freudenberger, J. H.; Berg- 
man, R. C.; Nolan, s. P.; Hoff, C. D. J. Am. Chem. SOC. 1987,109,6663. 
(b) Klein, D. P.; Hayes, J. C.; Bergman, R. G. J. Am. Chem. SOC. 1988, 
110,3704. 

(32) (a) Richmond, T. G. Coord. Chem. Rev. 1990,105,221. (b) Di 
Bugno, C.; Paequali, M.; Leoni, P.; Sabatino, P.; Braga, D. Znorg. Chem. 
1989,28,1390. 

(33) (a) Kim, Y.J.; Osaka& K.; Take", A.; Yamamoto, A. J. Am. 
Chem. SOC. 1990,112,1096. (b) -de, K.; Kim, Y.-J.; Yamamoto, A. 
J. Organomet. Chem. 1990, 362, 303. (c) Osakada, K.; Ohehiro, K.; 
Yamamoto, A. Organometallics 1991, 10, 404. (d) Osaka& K.; Kim, 
Y.J.; Tanaka, M.; khiguro, S.; Yamamoto, A. Znorg. Chem. 1991,30,197. 

(34) Joelin, F. L.; Johnson, M. P.; Mague, J. T.; Roundhill, D. M. 
Organometallics 1991,10,2781. Relevant hydrogen atom positions are 
given in the supplementary material of this paper. 

(36) (a) McCallum, C.; Pethybridge, A. D. Electrochim. Acta 1976,20, 
816. (b) Cox, R A.; Krull. U. J.; Thommn, M.: Yaw, K. Anal. Chim. 
Acta 1979, 106, 61. 
(36) (a) Darensbourg, M. Y.; Hanckel, J. M. J. Am. Chem. Soc. 1983, 

1'3,6979. (b) Darembourg, M. Y.; Ludvig, M. M. Znorg. Chem. 1986,25, 
2894. 

PH proton of the secondary phosphine complex (RS,- 
SR)-S+TfO-, which occupies a position analogous to that 
of HR in 2+X-, is also readily abstracted by t-BuO-K+. 
Thus, both types of protons are in principle accessible to 
base, and rigorous experimental tests must await routes 
to deuterated derivatives that are more diastereoselective 
than that in Scheme IV.,' 

3. Structures of Phphido Complexes. Theoretical 
studies of the model compound (sS-CsHs)Re(NO)(PH3)- 
(PHa revealed only two minima-corresponding to II and 
111 in Scheme II-aa the R&H2 bond was rotated through 
360°.4b As has been previously discussed in detail, these 
conformations lessen overlap of the phosphido ligand lone 
pair with the rhenium fragment d orbital HOMO (XII), 
while avoiding eclipsing interactions. In the solid state, 
symmetrically-substituted secondary phospl$do Complexes 
(~s-CsHs)Re(NO)(PPh3)(~~) exhibit Re-P& conforma- 
tions analogous to that in IIL4 
As noted above, 11 and 111 can be confidently represented 

as the most stable Re-pRH rotamers of the RR,SS and 
RS,SR diastereomers of 4. Any alternative places the alkyl 
group in a more congested interstice. However, diaste- 
reomer assignments are lees straightforward. A potential 
clue is provided by the diastereoeelective methylation of 
4c to (RS,SR)-S+TfO- (Scheme V). The product 0 can 
form only from the RR,SS diastereomer of 4c (11). To- 
gether with the deuteration results in Scheme N, it is clear 
that (RR,SS)-4c is more reactive toward electrophiles than 

The secondary phosphido complexes (RS,SR)B and 
(RR,SS)-6, for which configurations and relative stabilitiea 
can be assigned from the reactions in Scheme V, provide 
the Rosetta stone that unravels these assignments. As 
summarized in Table I, the PPh3 31P NMR resonance of 
the lese stable RR,SS diastereomer (24.07 ppm) is down- 
field of that of the more stable RS,SR diastereomer (16.07 
ppm) and exhibits a much smaller 2Jpp value (<2 VB 30 
Hz). The tert-butylphosphido complex 4c, which appears 
to be diastereomerically homogeneous, exhibita a very 
similar chemical shift (25.80 ppm) and 2Jpp value (<3 Hz), 
suggestive of an RR,SS diastereomer and in accord with 
the reactivity data. 

More importautly, 31P NMR data are available for both 
diastereomers of the methylphosphido complex 4b. The 
more stable diastereomer exhibita a chemical shift (25.65 
ppm) and 2Jpp value (6.5 Hz) similar to those of (RR,SS)-6 
and 4c, while the less stable diastereomer gives chemical 
shift and 2Jpp valuea (21.28 ppm, 19.1 Hz) closer to thoee 
of (RS,SR)d. The diastereomers of phenylphoephido 
complex 4a exhibit analogous ,lP NMR patterns (24.22 VB 
18.72 ppm; <2 vs 15.4 Hz). Hence, we assign the diaste- 
reomers of 4 with the downfield PPh, 31P NMR reaonancea 
and smaller 2Jpp values RR,SS configurations (II).% 

Significantly, logical corollaries of these assignments 
rationalize the trends in RR,SS/RS,SR equilibrium ratios 
(4c > 4b > 4a > 6). First, the large tert-butyl substituent 
in 4c should effect the greatest counterclockwise distor- 
tions from the idealized Re-PRH conformations shown in 

(RS,SR)-4c. 

(37) We are not certain that the data in Scheme IV reflect an in*- 
eically nonmlective deuteration, a~ o p e  ? some secondary scrambling 
procees. Some very puzzling resulta m v o l y  interconversion of deu- 
terated 2b+TfO- and 4b have been obtained. 

(38) Other NMR trenda involving 4a-c and 6 are evident.. For exern- 
ple, the PRR' slP NMR reaomcee of (RR,SS)-4,6 are d o d i e l d  of thoee 
of (RS,SR)-4,6 and give the smaller aJpp values. Also, (RR,SS)-4bp 
exhibit PH 'H NMR reaomces at 6 3.28 and 3.63 with valuw of 
8.0 and 10.6 Hz. The diastereomers of 4a exhibit PH lH NMR reaonancea 
at 6 3.74 and 3.34 with a J ~  values of ca. 10 and <2 He. These are 
aseigned to (RR,SS)-IIP and (RS,SR)-In, respectively, BB verified by the 
l J p ~  valuea in Table I (see footnote g). 
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Rhenium Primary Phosphine and Phosphido Complexes 

11 and III. This will dimininh overlap of the PRH lone pair 
with the rhenium fragment HOMO in 11, providing sta- 
bilization, but enhance overlap in 111, effecting destabili- 
zation. 

Any torsional distortion in 4b, which has a smaller 
methyl substituent, should be lower. Accordingly, the 
equilibrium is less biased. The unsaturated phenyl sub- 
stituent in 4a can potentially exert an electronic effect 
upon the equilibrium. However, by some steric criteria 
a phenyl ring is smaller than a methyl Finally, 
the interstice between the bulky PPh3 ligand and nitrosyl 
ligand is the sterically most congested.le Thus, the re- 
placement of the PH hydrogen in 11 by a larger alkyl group 
can give severe destabilizing interactions. This effect, and 
possibly secondary torsional consequences, accounts for 
the inversion of RR,SS/RS,SR diastereomer stabilities 
with 6. 

The phosphido complex diastereomer ratios can be 
viewed as a measure of chiral recognition-i.e,, the relative 
ease of fit of two configurations of a labile PRR' stereo- 
center to one configuration of the [(q6-C6H6)Re(NO)- 
(PPh3)]+ fragment. Interestingly, the phenylamido com- 

with-aa, crystallizes as an RS,SR diastereomer, with a 
Re-NHPh conformation analogous to the R&HR con- 
formation in III.lob*c The diastereomers of 8 and related 
species interconvert much more rapidly tfian those of 4. 
Hence, solution equilibrium data are not available. 

4. Dynamic and Chemical Properties of Phosphido 
Complexes. In essence, the diastereomers of 4 can 
equilibrate by a simple bending motion of the phospho- 
rus-hydrogen bond. This is illustrated by the transition 
state IV in Scheme 11. Qnly a slight additional torsional 
motion about the Re-PRH bond is required along the 
reaction coordinate. Thus, the AG*T(~) values for diaste- 
reomer interconversion (Table 11) must very closely ap- 
proximate the phosphorus inversion barriers. Interestingly, 
that measured for the phenylphosphido complex 4a (11.5 
kcal/mol) thereby constitutes one of the lowest phosphorus 
inversion barriers on record.40 

The phosphido substituents in symmetrically-substi- 
tuted secondary complexes (q5-C5HdRe(NO)(PPh3)(P~) 
also readily exchange.' As diagrammed earlier, this process 
requires both phosphorus inversion and Re-fiR2 bond 
rotation. However, the AG*T(~) are comparable to those 
in Table 11 (R = ethyl, 14.7-14.9 kcal/mol; p-tol, 13.0-13.3 
kcal/mol; tert-butyl, 12.6 kcal/mol). In general, bulkier 
substituents lower phosphorus inversion barriers.40* 
However, meaningful trends in this limited sampling of 
compounds are difficult to identify. In other relevant work, 
Wild has found a AG*T(~) of 14 kcal/mol for the inter- 
conversion of diastereomers of a chiral irpn phenyl- 
phosphido complex (q5-CJ-IdFe(PArAr'Me)2(PHPh) (9).% 

The highly diastereoselective methylation of 4c to 
(RS$R)-S+TfO- has analogy in earlier work. For example, 
the carbanion Li+[(q6-C~,)Re(NO)(PPh3)(CHCN)]- and 
the ylide ( q5-C6H6)Re(NO) (PPh3) (CH=P(p-tol),) both 
react with alkylating agents to give C, derivatives [($- 

plex (q'-C&)Re(NO)(PPhJ(NHPh) (8), which is ieoeteric 

(39) (a) For data with substituted cyclohexanes, see: Eliel, E. L.; 
Manoharan, M. J. Org. Chem. 1981,46, 1969. (b) For data with [(#- 
C&&Re(NO)(PPh&(L)!+X- complexes, see: Pew, T.-S.; Arii, A. M.; 
Gladysz, J. A. Helu. Chm. Acta 1992, 76,442. (c) Note that the *JP 
values of (RR,SS)-4a and RS,SR)-4a (ca. 10 and <2 indicate dis- 
tinctly diflerent Pw-Re-b-H torsion anglee, as would be expeded from 
our proposal of slight counterclockwise R&RH distortions in idealized 
structures 11 and 111. 

(40) (a) Rad, A.; Allen, R. C.; Mislow, K. Angew. Chem., Int. Ed. 
Engl. 1970, 9, 400. (b) Schmidbaur, H.; Schier, A.; Lauteechliger, S.; 
Riede, J.; Maer,  G. Organometallics 1984,3,1906. (c) Arduengo, A. J., 
III; W o n ,  D. A.; Roe, D. C. J. Am. Chem. SOC. 1986,108,6821. 
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9 
C6Hs)Re(NO)(PPh,)(CHRX)]"+ in >98% de-but with 
opposite carbon The stereochemistry of 
methylation of 4c is identical with that of the ylide.'2 
Regardless, the rhenium fragment [ (q6-C6H6)Re(NO)- 
(PPh3)]+ exerts an impressive degree of stereocontrol in 
the alkylation of a variety of types of adjacent nucleophilic 
centers. 

In important related work, Wild has found that chiral 
iron phoephido complexes of the type 9 undergo similarly 
diastereoselective  methylation^.^ He observes that the 
product diastereomer ratios match those of the precursor 
phosphido complexes, consistent with our results in 
Scheme V. Related auxiliary-based strategies for the 
diaatereoeelective synthesis of phosphine ligands have been 
described by Matheyea When such chemistry is effected 
with optically active precursors, subsequent displacement 
reactions allow the generation of free optically active 
phosphines. 

5. Summary. This study has established the ready 
availability of chiral primary phosphine and phosphido 
complexes 2+X- and 4 in both racemic and optically active 
form, and systematized their intricate and unusual 
structural properties. Preliminary reactivity data have 
established the capability for highly stereoselective 
transformations. Although this concludes our present 
plans for exploratory synthetic and structural work in thie 
area, the utility of these and related compounds as ar- 
chitectural units in reagents and catalysts for asymmetric 
transformations will receive future attention. 

Experimental Section 
General Data. General procedures and instrumentation 

utilized were identical with those given in the previous papertb 
with the following additions. ORD/CD spectra were recorded 
on a JASCO J-20C spectrophotometer. Conductance measure- 
ments" were carried out on a Radiometer/Copenhagen CDM-3 
conductivity meter with a platinum electrode, for which a cell 
constant of 0.115 was calculated from meaeurementa with a 0.02oO 
M KC1 solution (triply distilled H20). 

Reagents and solvents were obtained as described previously," 
with the following additions: HCl(g) (Matheson), "OH, and 
LiAlH, (Aldrich), used as received; DOTf, prepared by mixing 
Tf20 (Ma, distilled from P20d and 1.0 equiv of QO in an ampule 
(4-5 days, until homogeneous), followed by distillation and 'H 
NMR MeOTf (Aldrich) and PPhH2 (Pre~eure), distilled; 

(41) Crocco, G. L.; Lee, K. E.; Gladysz, J. A. Organometallics 1990,9, 
2819. 

(42) Stabilitien of diastereomers of compounds of the type [($- 
C~s)Re(NO)(PPh&(CLMS)I"+, where L/M/S are large, medium, and 
small-sized groups, have been extensively studied and analyzed." Al- 
though a direct determination is not possible from our data, (RS,SR)- 
S + T W  ia certain to be more stable than (RR,SS)-SVm3-. Thus, the 
methylation of 4c ale0 gives the more stable of two possible dkbr"ere.  

(43) de Vaumas, R.; Marinetti, A.; Ricard, L.; Mathey, F. J.  Am. 
Chem. SOC. 1992,114, 261. 

(44) Angelici, R J. Synthesis and Technique in Inorganic Chemistry, 
2nd ed.; Saundere: Philadelphia, 1977; p 17. 
(46) Bakose, H. J.; Ranson, R. J.; Roberta, R. M. G.; Sadri, A. R. 

Tetrahedron 1982,38, 623. 
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P(t-Bu)H2, prepared from P(t-Bu)C12 (Strem);" O=P(OMe)2Me 
(Strem), distilled from P20h 

[ ( q6-C6H6)b( NO) (PPh,) (PPhHz)]+TBO- (2a+TsO-). A 

2.50 g, 3.50 mmol), CH2C12 (50 mL), and a stir bar. Then PPhH2 
(0.77 mL, 0.77 g, 7.00 "01) was added with stirring. After 48 
h, the solution was concentrated to ca. 25 mL. Ether was added, 
and the resulting yellow powder was collected by filtration, washed 
with ether, and airdried to give 2aTsO- (2.72 g, 3.30 mmol, 94%). 
A sample was dissolved in CH2C12, and ether was slowly added 
by vapor diffusion. Yellow crystals formed, which were colleded 
by filtration and dried under oil pump vacuum to give 2a+TsO-, 
mp 208 'C dec. Anal. Calcd for CSBHuN04P2ReS C, 52.42; H, 
4.15; P, 7.51. Found C, 52.17; H, 4.40; P, 7.31. 

[ (rPC~H6)Re(NO)(PPha)(PMeHz)]+TfY)- (2b+TtO-). Cau- 
tion: The PMeH2 generated in this procedure" is volatile (bp 
-17 "C), malodorous, and toxic. A well-ventilated fume hood is 
essential. 

A 50-mL three-neck flask was fitted with two gas inleta with 
stopcocks and a septum-capped addition funnel. The flask was 
charged with LiAlH, (0.80 g, 21 mmol), THF (15 mL), and a stir 
bar. The funnel was charged with O=P(OMe)2Me (1.50 mL, 1.74 
g, 14.0 "01) and THF (2 mL). One gas inlet was attached to 
a vacuum manifold and the other to a vacuum adapter fitted to 
a Schlenk tube charged with (116-C,Hs)Re(NO)(PPh3)(OTf) (3;" 
0.45 g, 0.65 mmol), toluene (20 mL), and a stir bar. The vacuum 
adapter on the Schlenk tube was fitted with a gas inlet with a 
stopcock that was attached via a glaea "T" to an oil bubbler. The 
Schlenk tube stopcock was attached to the vacuum manifold. 

The stopcocks connecting the Schlenk tube to the bubbler and 
three-neck flask were closed and the solution of 3 was freeze- 
pumpthaw degassed (3x1. The solution was refrozen and left 
immersed in liquid N2 while N2 gas was carefully admitted from 
the three-neck flask. A gentle flow of N2 was begun from the 
three-neck flask through the Schlenk tube and bubbler. The 
L,iAlH, sluny was cooled to 0 'C and stirred. The O=P(OMe)2Me 
solution was then carefully added at  a rate conducive to the slow 
evolution of gcrseoua PMeH, (warning: e x d v e l y  rapid addition 
can give an uncontrollable evolution of PMeH2).@ 

Upon completion of the addition, the cold bath was removed 
from the three-neck flask. After 0.5 h, the vacuum adapter on 
the Schlenk tube was replaced with a securely fastened glass 
stopper. The tube was evacuated to prevent any preesure buildup, 
and the sample was thawed by immersion in a -80 "C bath. The 
red solution was slowly warmed to Mom temperature with etirriag. 
Within 15 min, a yellow solid precipitated. After 2 h, the tube 
was cooled to -80 OC and N2 waa carefully admitted. The stopper 
was removed and, under a Nz flow, the tube was warmed to room 
temperature to purge excess PMeH2. The resulting pale yellow 
powder was collected by filtration, washed well with benzene, and 
dried under oil pump vacuum (1 h) to give 2b+TfO- (0.46 g, 0.62 
mmol,96%) that was pure by 'H and 31P(1H} NMR. The powder 
was b l v e d  in a minimum of THF and ether was added by vapor 
diffusion. Fine yellow needles formed which were collected by 
fdtration and dried under oil pump vacuum (56 "C, 36 h) to give 
2b+TfO- (0.37 g, 0.49 mmol 86%), mp 181-182 OC. Anal. Calcd 
for C&aSN04P2ReS C, 40.54; H, 3.40; P, 8.36. Found: C, 
41.08; H, 3.57; P, 7.89. 

A Schlenk tube was charged with 3 (1.85 g, 2.67 mmol), benzene 
(50 mL), and a stir bar. Then P(t-Bu)H2 (0.490 mL, 0.360 g, 4.00 
"01) was added with stirring. After 3 h, hexane (10 mL) was 
added. The resulting yellow powder was collected by filtration, 
washed with hexane, and dissolved in a minimum of THF. Ether 
was slowly added by vapor diffusion. Yellow needles formed, 
which were colleded by filtration and dried under oil pump 
vacuum (56 OC) to give 2c'TfO- (1.86 g, 2.38 mmol, 89%), mp 
211-213 'C dec. Anal. Calcd for C28H31F3N04P#Rs: C, 42.97; 

S c h l d  flesk WBS -ed with (~s-C~~Re(NO)(PPhJ(oTe)  (1;'' 

[ (~PC~~, )R~(N~)(PP~~)(P(~-B~)HI)]+T~Y)O-  (ZCTfO-). A. 

(46) Becker, V. G.; Mundt, 0.; R h l e r ,  M.; Schneider, E. 2. Anorg. 
Allg. Chem. 1978, 443, 42. 

(47) De, R. L.; Vahrenkamp, H. 2. Naturforech. 1985,40b, 1250. 
(48) In a separate experiment, the PMeH2 generatad wae trapped in 

cold CDCl, and shown to be epectroeoopically pure. $lP NMR (ppm, 32.3 
MHz): -161.4 (br t, JPH = 193 Hz). 'H NMR (6): 2.52 (br d, Jlrp = 190.6 
Hz 2H), 0.86 (br 8,3 H). 

Zwick et al. 

H, 3.99. Found: C, 43.14; H, 4.18. 
B. A Schlenk tube was charged with 4c (0.021 g, 0.033 mmol), 

benzene (5 mL), and a stir bar. Then HOTf (0.003 mL, 0.034 
mmol) was added with stirring. After 5 min, h e m e  (10 mL) was 
added. The resulting pale yellow powder was collected by fil- 
tration, washed with hexane, and dried under oil pump vacuum 
to give 2c+TfO- (0.016 g, 0.020 "01, 62%). 

(q6-C~6)Re(NO)(PPha)(lSPhH) (4a). A Schlenk flask was 
charged with 2a+TsO- (3.80 g, 4.61 mmol), THF (210 mL), and 
a stir bar. Then t-BuO-K+ (0.568 g, 5.07 "01) was added with 
stirring. After 6 h, the mixture was fitered. The fitrate was 
concentrated to ca. 10 mL, and ether was added. The resulting 
precipitate WBB collected by filtration, washed with ether, and dried 
under oil pump vacuum. A small second crop was analogously 
isolatd following further concentration of the filtrate. The crop 
were combined to give 4a (2.96 g, 4.53 "01, 98%) as an air- 
sensitive orangeyellow powder. A sample waa dissolved in THF, 
and hexane was added, Orange crystals formed, which were 
collected by filtration and dried under oil pump vacuum to give 
4a, mp 182-184 OC dec. Anal Calcd for w a O P & :  C, 53.37; 
H, 4.02. Found C, 53.10; H, 4.00. MS ( m / e ,  lmRg, 15 eV): 663 

72%), 108 (PbP+, 40%). UV (nm (e), THF): 260 pk (12000), 273 
sh (llOOO), 288 sh (lOOOO), 315 sh (8400), 343 sh (6300). 

with 2b'TfO- (0.20 g, 0.27 mmol), THF (20 mL), and a stir bar. 
Then t-BuO-K+ (0.033 g, 0.30 mmol) was added with stirring. 
After 5 min, solvent was removed under oil pump vacuum. The 
orange residue was extracted with benzene, and the extract was 
filtered through +lite. The filtrate was concentrated, and hexane 
was slowly added by vapor diffusion. Orange needles formed, 
which were collected by fitration and dried under oil pump 

mp 191-193 OC. Anal. Calcd for CuHuNOP2R.e.(C6H&zs: C, 
50.20; H, 4.21; P, 10.15. Found C, 49.81; H, 4.27; P, 9.87. The 
presence of the solvate was verified by 'H NMR (6, THF-ds): 7.20. 
W (nm (e), 3.1 X lo-' M in THF): 243 sh (Soos); e = 552 at 400 
nm. 

(4*5&)b( NO) (PPha) (8( t -Bu)H) (4c). Complex 2cr'fo- 

"01) were combined in a procedure analogous to that given for 
4b. An identical workup gave orange needles of 4c (0.63 g, 1.0 
mmol, 78%), mp 199-202 OC. Anal. Calcd for CwH&TOP2Re: 
C, 51.26; H, 4.78; P, 9.79. Found C, 51.46; H, 4.99; P, 9.78. UV 
(nm (e), 1.9 X lo-' M in THF): 266 sh (8560), 317 sh (3210); e 
= 749 at  400 nm. 

Optically Active Compleres. A. Complex (-)-(S)-Zc+TfO- 
was synthesized from (-)-(S)-311 on a 0.72-mmol scale by a pro- 
cedure analogous to that given for the racemate. Workup gave 
(-)-(@-2c+TfO- as a yellow powder (0.50 g, 0.60 mmol, 88%), 
 CY]^^ -141' (c = 1.0 mg/mL, CHClJ, which was pure by 'H and 
31P(1H} NMR (data similar to those of racemate). ORD (nm, c 
= 2.0 mg/mL, CHCl,; 1 = 1 cm): 0 at  700,399; minimum at  432 
([a]% -0.0204O); maximum at  356 ([a]% 0.0315'). CD (nm, c = 
1.0 mg/mL, CHCl,; 1 = 1 cm): 0 at  700,334,316,286; minima 
at 394 ( [@la  -0.182'), 298 (local); maximum at 326 ([e]% 0.012'). 

B. Complex (-)-(S)-4c was synthesized from (-)-(S)-2c+TfO- 
on a 0.32-mmol scale by a procedure analogous to that given for 
the racemate. Workup gave (-)-(S)-4c as an orange foam (0.015 

was pure by 'H and 31P(1H} NMR (data similar to those of 
racemate). ORD (nm, c = 1.0 mg/mL, THF; 1 = 1 cm): 0 at  650 
and 423; minima at  464 ([a]= -0).0062'), 349 (local); maximum 
at  383 ([a]" 0.0095'). CD (nm, c = 1.0 m$mL, THF, 1 = 1 cm): 
0 at  650,368,357,327; minima at  414 ([e] -0.107'), 337 (local); 
maximum at  363 ([@Ia2 0.0058'). 

A. A Schlenk flask was charged with 4c (0.40 g, 0.63 mmol), 
benzene (20 mL), and a stir bar. Then MeOTf (0.11 mL, 0.95 
"01) was added. After 5 min, hexane (10 mL) was added to 
the cloudy yellow mixture. The resulting yellow precipitate was 
collected by filtration and dried under oil pump vacuum (56 "C) 
to give (RS,SR)-S+TfO- (0.48 g, 0.60 mmol,95%) that was pure 
by 'H and 31P(1H} NMR. The sample was dissolved in THF, and 
ether was slowly added by vapor diffusion. Yellow needles formed, 
which were collected by filtration and dried under oil pump 

(M+, 3%), 467 (M+ - PPW, 5%), 262 (PW, loo%), 183 (T'h@+, 

(rP-C6H6)Re(NO)(PPha)(PMeH) (4b). A flask WW Charged 

VBCUUII~ (56 'C, 36 h) to give 4b (C&~5  (0.10 g, 0.17 m o l ,  63%), 

(1.00 g, 1.28 m o l ) ,  THF (25 mL), and t-Bu0-K' (0.16 g, 1.4 

g, 0.23 mm01,72%),   CY]^^ -125' (C = 1.0 mg/mL, THF), which 

[ ($-C&)b( NO) (PP ha) (P( t -Bu) MeH)]+Tf 0- (6+TfY)-). 
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Rhenium Primary Phosphine and  Phosphido Complexes 

vacuum to give (RS,SR)-S+TfO- (0.43 g, 0.54 mmol,85%), mp 
218-220 "C dec. Anal. Calcd for C&~FsNO,P&te C, 43.72; 
H, 4.17; P, 7.77. Found C, 43.62; H, 4.26; P, 8.20. 

B. A Schlenk flask was charged with 6 (0.25 g, 0.39 mmol), 
benzene (15 mL), and a stir bar. The HOTf (0.038 mL, 0.43 "01) 
was added with stirring. After 5 min, hexane (5 mL) was added. 
The resulting yellow powder was colleded by fdtration and dried 
under oil pump vacuum to give S+Tfo- (0.29 g, 0.36 mmol,93%), 
which 'H and 31P(1H) NMR showed to be an (80 f 2):(20 f 2) 
mixture of RS,SR/RR,SS diastereomers. 

(~-C5H5)Re(NO)(PPh,)(~(t-Bu)Me) (6). A Schlenk flask 

mL), and a stir bar. Then &BUCK+ (0.16 g, 1.4 "01) was added 
with stirring. After 5 min, solvent was removed under oil pump 
vacuum. The red residue was extracted with toluene, and the 
extract was filtered through Mite. The filtrate was concentrated 
to 6-8 mL and then kept at 80 "C until all of the sample dissolved. 
The solution was slowly cooled to -20 OC. After 24 h, the resulting 
deep red prisms were collected by filtration and dried under oil 
pump vacuum (56 "C) to give 6 (0.67 g, 1.0 mmol, 81%), mp 
192-194 "C dec. Anal. Calcd for C&s2NOP2Re: C, 52.00, H, 
4.99; P, 9.58. Found C, 51.86; H, 5.04, P, 9.27. W (nm (e), 3.2 
X lo-' M in THF): 303 sh (5140); e = 1050 at 400 nm. 

three-neck flask was charged with 4c (0.20 g, 0.32 mmol), benzene 
(15 mL), and a stir bar and fitted with a rubber septum and two 
gas inlets with stopcocks. A needle was inserted through the 
septum, and HCl gas was passed over the stirred solution, which 
immediately turned from orange to yellow. After 5 min, the flask 
was purged with N2, and hexane (20 mL) was added. An oily, 
yellow residue deposited on the flask walls. The colorless su- 
pernatant was decanted, and the reaidue wm dried under oil pump 
vacuum (3 h) to give 2c'Cl- as a spectroscopically pure yellow 

Crystal Structures. A. Hexane was carefully layered onto 
a CHzClz solution of 2c+Cl-. Yellowlgreen irregular prisms 
formed, which were collected by filtration and dried under a N2 
flow to give 2c+C1-.0.5CH2Cl2. Anal. Calcd for 

C, 45.98; H, 4.54; CLlO.06. Data were collected on a Syntax Pi 
diffractometer as described in Table 111. Cell constants were 
obtained from 15 reflections in the range 20" < 28 < 24". The 
space group was determined from systematic absences (Okl, k = 
2n; hO1,l = 2n; hkO, h = 2n) and subsequent least-squares re- 
finement. Standard reflections showed no decay during data 
collection. Lorentz, polarization, and empirical absorption (9 
scans) corrections were applied to the data. The structure was 
solved by standard heavy-atom techniques with the SDP-VAX 
package." All non-hydrogen atoms, except those in the solvate, 

WBB charged with (RS,SR)-S+TfO- (1.01 g, 1.28 m o l ) ,  THF (30 

[ (q6-C5H5)Re(NO)(PP hs) (P( t -Bu)HZ)]+Cl- (2c+Cl-). A 

foam (0.19 g, 0.28 "01, 89%). 

CnHs1ClNOP2W.5CH2Cld C, 46.42; H, 4.53; C1,S.W. Found 

Organometallics, Vol. 11, No. 7, 1992 2685 

were refined with anisotropic thermal parameters. The PH hy- 
drogen atoms were located, and other hydrogen atom positions 
were calculated. These were added to the structure factor cal- 
culations but not refined. Scattering factors, and 4' and AP 
values, were taken from the literature.w B. An identical crys- 
tallization gave a yellow elongated prism of (RS,SR)-S+TfO-, and 
X-ray data were similarly collected. The cell constants and space 
group were analogously determined (36 reflections, 10" < 28 < 
20"; systematic absencea hO1,1= 2n; OkO, k = 2n). The structure 
was solved in a comparable manner, except that the PH hydrogen 
was refined. 

NMR Experiments. A. General procedures for dynamic 
NMR experimentalg have been described earlier?b Near coa- 
lescence temperatures, spectra were acquired at  l-2-deg intervals 
after a 15-min thermal equilibration period. Additional details 
are given elsewhere? 
B. Homonuclear 'H NOE difference spectra'* were acquired 

at 21.6 "C on sealed samples of 2c"@ and (RS,SR)-S+TfO- (0.10 
M in CDClJ that had been freeze-pump-thaw degassed (3x). 
Each experiment was performed as an array consisting of two 
spectra: the first was obtained with 6591% irradiation of the 
cyclopentadienyl resonance and the second (off-resonance) was 
obtained with the decoupler frequency set >2 ppm from all 
resonances. Spectra were obtained in interleaved blocks of 32 
transients with four steady-state transients per block for a total 
of 2048 transients (acquisition time 2.99 s; pulse delay 6 8). The 
TI values of the PH protons of 2c+TfO- were determined in a 
separate experiment to be 0.50 and 0.53 s (leas than 10% of pulse 
delay). The off-resonance spectrum was subtracted from the 
cyclopentadienyl irradiated spectrum to give the difference NOE 
data. 
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