
1460 J. Am. Chem. Soc. 1991, 113, 1460-1462 

The analogy between H+ and CuL+''0, L = neutral/-l ligand, 
or AuL+/0 has been noted and can be useful in cluster chemistry.19 

However, small differences in bond energies can change the nature 
of products obtained from reaction with H+ as compared with 
CuL+/0. As seen in eq 2, the reaction of I with H+ leads to 
protonation of carbon and the loss of the ketenylidene structure.2 

Compound 11 may represent an analogue of the intermediate or 
transition state in the protonation reaction. 

Very recently, [ P P N ] 2 [ R U 3 C U I ( C O ) 9 ( C C O ) ] was prepared in 
a manner similar to the synthesis of II.20 Initial spectroscopic 
data suggest that copper caps the metal face opposite the kete­
nylidene ligand to give a tetrahedral CuRu3 framework. Thus, 
the ruthenium ketenylidene exhibits similar chemistry for both 
CuL+/0 and H+ since both add to the ruthenium framework. 
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The ion pair formed by reagent anion and lipophilic cation are 
thought to be the reactive species in phase-transfer reactions 
catalyzed by such cations.1 As a member of an ion pair, an anion 
is carried across the phase boundary into nonpolar media in which 
it may react efficiently with nonpolar substrates. It has been noted 
that if an asymmetric cation is used as a phase-transfer catalyst, 
asymmetry is often induced in the products.2 Information con­
cerning the structure(s) of the ion pair formed in such cases would 
be valuable in determining the roots of the asymmetric induction 
and aid in the design of more effective asymmetric catalysts. 
Recently, we reported the observation of specific 1HI1Hj and 
11Bj1Hj nuclear Overhauser effects (NOE) to the BH4" anion upon 
selective saturation of the proton resonances of the tetrabutyl-
ammonium ion in CDCI3 solution.3 We have attempted to extend 
the use of the interionic NOE to determining the structure and 
dynamics of more complex ion pairs, in particular, that formed 
by the 8(v-9(/?)-hydroxy-l-(phenylmethyl)cinchonanium 
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("benzylquininium" or BQ) and the tetrahydroborate ions, 1, in 
CDCl3 solution. The BQ ion has been used successfully as an 

1 

asymmetric catalyst for the phase-transfer reduction of prochiral 
ketones by BH4",2 and so ion pair 1 seemed a reasonable point 
at which to begin these investigations. Unlike the case of the 
simple ion pair studied previously, however, driven steady-state 
presaturation NOE experiments on ion pair 1 yielded only a few 
very weak interionic NOEs which were difficult to interpret. This 
observation might be rationalized in a number of ways. The ion 
pair might be solvent-separated, and the lack of observable NOEs 
due to weak and/or nonspecific association between cation and 
anion. Alternatively, WCTC, the product of the correlation time and 
the transition frequency being considered, might be close to 1.12, 
in which case NOEs are not observed regardless of internuclear 
distance.4 Generally, for molecules under MW 1000 in nonviscous 
solvents (short rc), this is not a concern. However, aggregation 
of ion pairs might increase the correlation time sufficiently that 
the apparent molecular weight of the ion pair is quite large, with 
concomitant loss of NOE intensity. In this case, interionic NOEs 
might still be observable when rotating-frame techniques are used 
(CAMELSPIN5 or ROESY6 experiments) in which the observed 
NOE is always positive and increases monotonically with TC.7 In 
fact, significant NOEs are observed between the protons of BH4" 
and specific BQ resonances in 1 in the rotating frame. 

The 1H spectrum of 1 was completely assigned by using a 
combination of COSY (./-correlated spectroscopy) and ROESY 
(rotating-frame NOE spectroscopy) data.8'9,10 Unlike the 
spectrum of the ion pair studied previously,3 the 1H spectrum of 
1 shows considerable concentration dependence, especially for the 
resonances of quinuclidine protons H9, H16, and H18 and the benzyl 
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Figure 1. Space-filling rcprcscntalions of lhe BQ ion from lhrcc orien-
lalions. based on CPK models which rationalize observed intraionic NOE 
intensities. The quinolinc ring is shown in the conformation determined 
to be most populated by intraionic NOEs (see text). Parts A and B show 
the two occupied ion binding sites; white arrows indicate the quaternary 
nitrogen (lightly shaded) in both representations. Part C shows the site 
from which the BH4" is prevented from binding by steric interactions with 
the phenyl group. The while arrow in this representation indicates the 
location of the buried quaternary nitrogen. 

protons H2J and Hi4. These protons arc all in proximity to the 
phenyl ring, and concentration-dependent chemical shifts may 
reflect changes in conformational equilibria involving the phenyl 
group as a result of aggregation. The vinyl group has considerable 
conformational freedom, with observed NOEs from the vinyl 
protons H20. H3,. and H2? indicating that several different rotamers 
around the C-C bond connecting the vinyl group to the quinu-
clidine arc significantly occupied. Intense NOEs between the 
quinolinc H5 and protons H, and H9, and between H1 and H11. 
as well as very weak NOEs between H, and protons H8 and H9. 
indicate that the quinolinc ring primarily occupies the rotamer 
indicated in Figure I. parts A-C. These representations are based 
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Figure 2. Contour plot of a portion of the 300-MHz 1H ROESY spec­
trum of 1 (CDCl,, 0.25 M, 25 0C) showing correlations between the four 
BH4"

 1H lines (corresponding to the four "B spin states) and 1H reso­
nances of the BQ ion. Note the series of minor cross peaks at the Ui1 
frequencies of H, and H25 corresponding to BH4" containing '0B (/ = 3, 
19.58% natural abundance). A spin-locking period of 250 ms was used, 
with a spin-lock field of 2.5 kHz (x/2 pulse = 100 MS). 

on CPK models which rationalize the observed NOEs. Confor­
mational averaging is observed for proton resonances of both the 
phenyl and quinolinc rings at 300 MHz, 25 0 C in the concentration 
range studied. 

Interionic NOEs observed between specific BQ resonances and 
the BH4" protons were used to locate anionic binding sites on the 
BQ cation. Figure 2 shows a contour plot of the region of the 
ROESY spectrum containing these NQEs. CPK models of the 
ion pair indicate that these NOEs cannot result from a single ion 
binding site, but arise from the approach of the BH4" to the cation 
at two of the four trigonal-pyramidal sites provided by the qua­
ternary nitrogen. Of these four sites, one occurs in the interior 
of the quinuclidine ring system and is sterically inaccessible to 
the anion. The two sites that are occupied by the anion a sig­
nificant percentage of the time, as indicated by the observed 
NOEs, are shown in Figure I, parts A and B. Strong interionic 
NOEs observed between the BH4" protons and the ortho phenyl 
H25 and H9 protons, along with weaker effects at H24, H18, H,9 , 
and the quinolinc H5, indicate BH4" occupancy of the site shown 
in Figure IA. The site shown in Figure IB is defined by NOEs 
between the BH4" protons and protons H25, H23, H8, and H,6. A 
weak NOE is also observed to the mcta phenyl proton H26 from 
the BH4" protons. The third site (Figure IC) is occluded by the 
presence of the phenyl ring in space-filling models and is ap­
parently inaccessible to the BH4" ion. The absence of NOEs 
between the BH4" protons and H,5. which should be seen if this 
site is occupied by the anion a significant fraction of the time, 
tend to confirm this. It is not yet clear whether the two sites shown 
in parts A and B of Figure 1 might be occupied simultaneously 
as part of an aggregate, or if the sites are only occupied nonsi-
multaneously, with the observed interionic NOEs resulting from 
time averaging of different solution structures. We are currently 
investigating the dependence of the observed NOEs on concen-
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tration in an attempt to answer this question. 
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No molecular compound of Hf(II) not containing a JJ5-C5H5 

group is yet to be found fully described in the literature. Moreover, 
compounds in which six-membered arene rings are simultaneously 
and equivalently bonded to two metal atoms lying opposite to each 
other above and below the center of the ring are rare.1,2 We report 
here the preparation of two compounds that embody both of these 
features. Crystal structures and a molecular orbital formulation 
of the bonding arc also given. 

The compounds are Hf2I4(PMe2Ph)4(/i-V2-arene), where the 
arene is benzene (1) or toluene (2). The compounds were syn­
thesized by reduction of HfI4 with 2 equiv of Na/Hg in the 
appropriate arene, followed by addition of 2 equiv of dimethyl-
phenylphosphine. The solutions turned immediately red upon 
addition of the phosphine. The reaction was allowed to proceed 
for 24 h, at which time the solution was filtered through Celite 
and layered with approximately 20 mL of hexane. The appearance 
of red crystalline plates occurred within 3-5 days. The products 
were obtained in ca. 30% yields and gave satisfactory elemental 
analysis. 

Both compounds have been characterized by X-ray crystal­
lography.3 Figure 1 shows a molecule of 1 viewed down the 
Hf-Hf axis and Figure 2 shows a side view of the molecule of 
2. The two molecules are essentially identical in their dimensions. 
The Hf-I and Hf-P bond lengths have the following ranges and 
average values: Hf-I, 2.885-2.916, 2.898 (4) A; Hf-P, 
2.780-2.800, 2.787 (4) A. The C-C bond lengths within the 
central rings have a range and mean value of 1.41-1.55 and 1.47 
A, respectively. The Hf-C distances are spread over a considerable 
range, 2.28-2.55 A, with a mean of 2.42 A. This is in accord with 
the small but real ring puckering that can be seen in Figure 2. 

The 'H NMR spectrum of 2 shows two signals for the central 
ring at 3.34 (broad mult) and 3.12 ppm (narrow mult) in an 
intensity ratio of 3:2. The 31P spectrum of 2 is markedly tem­
perature dependent, suggesting that one or more forms of internal 
rotation occur. The interpretation of the NMR data is not entirely 
clear at present, but they seem to imply that while the central 
ring may be rigidly fixed in the cage of Hf2I4P4 atoms at -80 °C, 
it is rotating rapidly on the 1H NMR time scale at room tem­
perature. 

(1) The first one was reported only in 1983: Duff, A. W.; Jones, K.; 
Goddard, R.; Kraus, H. J.; Kruger, C. J. Am. Chem. Soc. 1983, 105, 5479. 

(2) Lamanna, W. M. J. Am. Chem. Soc. 1986, 108, 2096. 
(3) Compound 1 crystallized in P2Jc with a = 12.482(5) A, 6 = 13.542 

(6) A, c = 33.857 (15) A, V= ill! (7) A3, and Z = 4 for an asymmetric 
unit Hf2I4(PMe2Ph)4(C6H6)^C6H6. With a data/parameter ratio of 7, re­
finement converged with R = 0.049 and R„ = 0.060. Compound 2 crystallized 
in P2,/c with a = 13.612 (6) A, b = 15.727 (7) A, c = 22.900 (9) A, V = 
4869 (4) A3, and Z = 4 for an asymmetric unit Hf2I4(PMe2Ph)4(C7H8). With 
a data/parameter ratio of 9, refinement converged with R = 0.049 and /?w 
= 0.062. 

Figure 1. A view of 1 looking down the Hf-Hf axis. 
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Figure 3. A partial molecular orbital energy level diagram for Zr2I4(P-
H3J2(C6H6) (D2 staggered) showing only metal d orbitals and arene T 
and x* orbitals. 

Finally, we have employed the Fenske-Hall4 approximation to 
the Hartree-Fock method to investigate the bonding of the 
HfI2(PMe2Ph)2 moieties to the central benzene ring in 1. The 

(4) Fenske, R. F.; Hall, M. B. Inorg. Chem. 1972, / / , 768. 
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