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Triethyloxonium Tetrafluoroborate as an Ethylating Agent
in Aqueous Solution
Sir:

Alkyloxonium salts have been used extensively as alkylating
agents in inorganic chemistry.! With few exceptions, the al-
kylations have been conducted in organic solvents that do not effect
the solvolysis of the alkyloxonium ion, most commonly di-
chloromethane.? This restriction often leads to the use of a solvent
inappropriate to the particular reaction.> Here we report on the
general use of triethyloxonium tetrafluoroborate (Et;O*BF,") as
an ethylating agent in agueous solution.

The generality of the procedure is exemplified by two paradigms
important in inorganic chemistry: (i) the alkylation of a coor-
dinated metal ion and (ii) the alkylation of a coordinated ligand.
In addition, the simple aqueous esterification of a carboxylic acid
is reported.

Ethy! cobalamin, ((ethyl 2-aminoethyl thioether)-N,S)bis-
(ethylenediamine)cobalt(IIT) perchlorate, and ethyl benzoate were
synthesized in essentially quantitative yield from their unethylated
parent compounds and triethyloxonium ion in aqueous solution.

Ethyl cobalamin was synthesized, following the reduction of
cyanocobalamin (6.1 mM) with sodium borohydride (66.1 mM)
to vitamin By, by the addition of Et;O*BF,” (27.63 mM) to the
oxygen-free reaction solution. After 78 min at 25 °C, the product
was identified as ethyl cobalamin by ultraviolet and 'H NMR
spectroscopy.*”

((Ethyl 2-aminoethyl thioether)-N,S)bis(ethylenediamine)co-
balt(ITT) perchlorate was synthesized from (2-aminoethane-
thiolato-N,S)bis(ethylenediamine)cobalt (III) perchlorate® (3.0
mM) and Et;O*BF,” (74.25 mM) by mixing these reagents in
water at 4 °C and inimediately placing the reaction at -15 °C.
The ethylation is essentially complete in 3 h, and after 16 h the
product was identified as ((ethyl 2-aminoethyl thioether)-N,S)-
bis(ethylenediamine)cobalt(I1I) perchlorate by visible, uitraviolet,
and 'H NMR spectroscopy.’

Ethyl benzoate was synthesized by the reaction of the benzoate
ion (57.3 mM) with Et;O*BF,” (1.58 M) in saturated NaHCO,
at 25 °C; the pH was maintained in the range 6.4-8.4 by the
addition of 5 N NaOH. After 82 min, the product was dissolved
by the addition of ethanol and identified as ethyl benzoate by
ultraviolet spectroscopy® and by its complete alkaline hydrolysis.

The hydrolysis of Et;O*BF," is virtually pH-independent from
pH 4 to pH 9, where the half-life is 7.4 min at 25 °C and 1.95

(1) See for example: Eaborn, C.; Farrell, N.; Murphy, J. L.; Pidcock, A.
J. Organomet. Chem. 1973, 55, C68—-C70. Eaborn, C.; Farrell, N;
Murphy, J. L.; Pidcock, A. J. Chem. Soc., Dalton Trans. 1976, 58-67.
Fischer, E. O.; Reitmeier, R.; Ackermann, K. Z. Naturforsch., B:
Anorg. Chem., Org. Chem. 1984, 39B, 668—674. Adams, R. D.; Cho-
dosh, D. F. J. Am. Chem. Soc. 1978, 100, 812-817. Parker, E. J;
Bodwell, J. R.; Sedergran, T. C.; Dittmer, D. C. Organometallics 1982,
1,517-522. Nesmeyanov, A. N.; Sal’nikova, T. N.; Struchkov, Y. T.;
Andrianov, V. G.; Pogrebnyak, A. A.; Rybin, L. V.; Rybinskaya, M.
L. J. Organomet. Chem. 1976, 117, C16-C20. Quick, M. H.; Angelici,
R. J. Inorg. Chem. 1981, 20, 1123-1130. Poffenberger, C. A.; Wojcicki,
A. Inorg. Chem. 1980, 19, 3795-3803.

(2) Webb, M. J.; Graham, W. A. G. Can. J. Chem. 1976, 54, 2557-2562.
Fischer, E. O.; Rustemeyer, P. J. Organomet. Chem. 1982, 225,
265-277.

(3) See for example: Behrens, H.; Wiirstl, P.; Merbach, P.; Moll, M. Z.
Anorg. Allg. Chem. 1979, 456, 16-28. Kruck, T ; Sylvester, G.; Kunau,
1.-P. Z. Anorg. Allg. Chem. 1973, 396, 165-172.

(4) Hogenkamp, H. P. C,; Rush, J. E.; Swenson, C. A. J. Biol. Chem. 1965,
240, 3641-3644.

(5) Hill, H. A. O.; Mann, B. E; Pratt, J. M.; Williams, R. J. P. J. Chem.
Soc. A 1968, 564-567.

(6) (2-Aminoethanethiolato-N,S)bis(ethylenediamine)cobalt(III) per-
chlorate was prepared as in: Lane, R. H.; Sedor, F. A.; Gilroy, M. J;
Eisenhardt, P. F.; Bennett, J. P.; Ewall, R. X.; Bennett, L. E. Inorg.
Chem. 1977, 16, 93-101. It was purified by chromatography on
Sephadex G-10.

(7) Elder, R. C.; Kennard, G. J.; Payne, M. D.; Deutsch, E. Inorg. Chem.
1978, 17, 1296-1303. The reaction conditions for the synthesis of
((ethyl 2-aminoethyl thioether)-N,S)bis(ethylenediamine)cobalt(I11)
perchlorate ([Co(H,NCH,CH,NH,),(CH;CH,SCH,CH,NH,)] [(C}-
0.);]) were chosen to give quantitative yields and efficient use of
Et,O*BF,”. The NMR spectra were consistent with literature reports.>’

(8) Ungnade, H. E.; Lamb, R. W. J. Am. Chem. Soc. 1952, 74, 3789-3794.
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min at 38 °C. Further, the reaction of Et;O*BF,” with Cl, Br,
and I" confirms that the reaction is at least largely an Sy1 ion-
ization of Et;O*:

nucleaphile

Et;O* — Et* + Et-O-Et

ethylated nucleophile

A comparable reaction is that of the N,N-dimethyl-2-phenyl-
aziridinium ion with nucleophiles.’®

Because Et;O7 is so reactive toward nucleophiles, its side re-
action with the aqueous soivent can be accommodated by a suitable
choice of concentration. The syntheses presented here establish
the triethyloxonium ion as an ethylating agent of great utility in
inorganic chemistry carried out in aqueous solution and will serve
as a basis for our studies of its reactivity toward metal ions and
their ligands, particularly those commonly found in proteins.
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Transition-Metal Hydride Bond Energies: First and
Second Row
Sir:

While thermochemistry for transition-metal systems is needed
to understand and predict the reactivity and kinetics of metal
systems, enumeration of this thermochemistry is a herculean task.
Of equal value would be “typical” metal-ligand bond dissociation
energies (BDEs) and a means of predicting how these BDEs vary
with metal and metal environment. In this paper, we report new
values for diatomic transition metal-hydride ion BDEs and analyze
the periodic trends to identify such a typical BDE.

The thermochemistry reported here is measured by examining
reaction 1 as a function of translational energy. The threshold

M* + H, — MH* + H (1)

energy for these endothermic processes is determined and related
to the metal hydride bond energy, D(M*-H). Detailed descrip-
tions of our experimental apparatus' and methods of interpreta-
tion>* have been published. The metal-hydride BDEs measured
here, listed in Table I, typically fall below previously measured
values.* Part of the difference results from correcting our values
for excited electronic states in the reactant metal ion beam.?? For
several first-row metals (Cr, Mn, Fe, Co, Ni, and Cu), this is done
explicitly by measuring the relative reactivity of these states.
Details of these results will be published in subsequent papers.®

(1) Ervin, K. M.; Armentrout, P. B. J. Chem. Phys. 1988, 83, 166-189.
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(3) Elkind, J. L.; Armentrout, P. B. J. Phys. Chem. 1988, 89, 5626-5636.
(4) (a) Armentrout, P. B.; Beauchamp, J. L. Chem. Phys. 1980, 50, 37-43;
J. Am. Chem. Soc. 1981, 103, 784-791. (b) Armentrout, P. B.; Halle,
L. F.; Beauchamp, J. L. /bid. 1981, 103, 6501-6502. (c) Mandich, M.
L.; Halle, L. F.; Beauchamp, J. L. /bid. 1984, [06, 4403-4411. (d)
Halle, L. F.; Klein, F. S.; Beauchamp, J. L. /bid. 1984, 106, 2543-2549.
(e) Tolbert, M. A.; Bauchamp, J. L. [bid. 1984, 106, 8117-8122.
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Table I. Transition-Metal Hydride Bond Dissociation Energies?

D°(M*-H) promotion
this lit. energy’
M work exptl® theory® sdm  dm!
Sc 55.3(2) 53 (4) 55.2,52.7¢54.4 3.5 191
Ti 55.1 (2) 59 54.0 6.5 16.1
v 47.3(1.4) 49 43.6 16.3 152
Cr 2717(2)  34(4) 243,225 459 253
Mn 47.5(34) 52(3) 39.6, 40.8,637.4 13.5 63.7
Fe 47.0 (4) S8 (5) 470 11.3  26.7
Co 455(2.3) S1(4) 436 18.9 10.1
Ni  385(14) 42(2) 357 319 00
Cu 218(21) 29 20.9 69.9 ..
Y  58(3) 6.4 289
Zr 54 (3) 77 177
Nb 53 (3) 141 109
Mo 41 (3) 541 183
Ru 40 (3) 396 152
Rh 41 (3) 60.6 6.7
Pd  53(3) 44 (3) 822 00
Ag 15(3) 1239 ..

@ All values in kcal/mol. Uncertainties in parentheses. ®Reference
4, These values have been corrected to 0 K from 298 K values (0.9
kcal/mol higher). ‘Reference 6c, except as noted. ?See text for defi-
nition. All values are calculated by using averages over all J levels,
which are taken from: Moore, C. E. Atomic Energy Levels; National
Bureau of Standards: Washington, DC, 1949. ¢Reference 6b.
fReference 6d. #Reference 6a. *Reference 6e.

For the remainder of the first-row metals and all of the second
row, we correct by the average electronic excitation energy, which
assumes that all low-lying electronic states have equal reactivity.?
Thus, these values could change as more detailed information
becomes available. Theoretical values are also available for
comparison.® These lie an average of 3 kcal/mol below the values
presented here (approximately the error expected for the calcu-
lations®) and clearly show the same periodic trends.

An early report®® of several of the first-row MH* BDEs noted
an inverse correlation with E;, defined as the energy required to
promote the metal ion into the lowest electronic state having a
4s3d" electron configuration. A more complete definition of E,,,
listed in Table I, includes the loss of spin-exchange energy when
the MH* bond is formed.** Promotion is still to an sd” config-
uration, but now the s electron (the bonding orbital on M) is
spin-decoupled from the d electrons.” Table I also lists an
analogous definition for E, when promotion is to a d"*! config-
uration. Here the bonding orbital is a de electron.

In Figure 1, the MH* BDE:s are plotted against Ey(sd"). For
the first row, the correlation is exceptionally good® whllc a similar
plot vs. E(d™") shows no correlation. The importance of including
the effect of spin-exchange energies is best illustrated by Mn, which
has E,(sd®) = 13.5 kcal/mol but without exchange has E, = 0
kcal/ mol 4 These results suggest that the 4s orbital is a major
component of the MH* bond. However, if E, is alternatively
defined as excitation to an sd” state but where thc do orbital is
the bonding orbital and spin-decoupled, a correlation nearly as
good as that shown in Figure 1 is obtained. This implies that the
sd” configuration is important in describing the bonding but that

(5) Elkind, J. L.; Armentrout, P. B. J. Chem. Phys., in press. Elkind, J.
L.; Armentrout, P. B., work in progress.
(6) (a) Vincent, M. A.; Yoshioka, Y.; Schaefer, H. F. J. Phys. Chem. 1982,
86, 3905-3906. (b) Alvarado-Swaisgood, A. E.; Allison, J.; Harrison,
J. F. Ibid. 1988, 89, 2517-2525. Alverado-Swaisgood, A. E.; Harrison,
J. F., work in progress. (c) Schilling, J. B.; Goddard, W. A.; Beau-
champ, J. L. J. Am. Chem. Soc. 1986, 108, 582-584. (d) Rappe, A,,
private communication. (e) Dupuis, M.; Hammond, B. L.; Lester, W.
A. private communication.
E, is now given by the average of the excitation energies to the sd” state
w;ere the s is high-spin coupled to the d electrons and the state where
it is low-spin coupled. See ref 3 or 4c for more detailed descriptions of
this calculation.
(8) Plots using literature data in Table I or the older definition of E,
(without exchange energy) do not y)eld correlations as good as that
shown in Figure 1. See similar plots in ref 4b,c.
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Figure 1. First-row (closed symbols) and second-row (open symbols)
transition-metal-hydride ion bond energies vs. atomic metal ion promo-
tion energy to an sd” spin-decoupled state (see text). The line is a linear
regression fit to the first-row data (excluding Cu).

the bonding orbital on the metal probably has both 4s and 3de
character. This is in qualitative accord with recent ab initio
calculations,’ which go on to demonstrate that 3d character is
especially significant on the left side of the periodic table.

In contrast with the first row, it is obvious that the second row
is not well described by a straight line (Figure 1). Other definitions
of E, fare no better at correlating the bond energies. One rea-
sonable explanation for the strong deviation of Pd is to suppose
that it utilizes only the 4d orbital to bind H. Note that E(sd")
is quite high (making the 5s orbital energetically inaccessible)
while E(d"*!) is zero. Indeed, this effect may be important for
Rh, Mo, and (to a lesser degree) Ru since these also have values
of El,(d"+ 1) that are substantially less than E(sd"). Where E(sd")
is lower or comparable to E,(d"*!), i.e., Y, Zr, and Nb, the sec-
ond-row MH* BDE:s are con51stent w1th (perhaps slightly higher
than) the first-row correlation.

For the metals on the right side, these observations can be
verified spectroscopically since the predicted ground state of MH*
differs for the metal sd” configuration (RuH*, *A; RhH*, *®;
PdH*, 3A) and the d"*! configuration (RuH*, *®; RhH™, 24;
PdH*, 12).° In fact, neutral NiH and PdH do have different
ground states, 2A and 2%, respectively. Ab initio MO calculations'?
indicate that this is indeed because the bonding in NiH is largely
a 4s—1s interaction while in PdH it is 4d-1s.

One significant feature in Figure 1 is that the maximum MH*
BDE is about 58 kcal/mol and occurs near E, = 0. One useful
way of thinking about this maximum is that it may represent any
metal-hydride BDE once an orbital on the metal has been pre-
pared for efficient bonding. This preparation probably needs to
involve formation of a directional and sterically unhindered metal
orbital having a single electron that is electronically decoupled
from other electrons. In metal complexes and on metal surfaces,
this preparation can be achieved by the electronic environment
surrounding the binding site. Indeed, the most commonly cited
value for metal-hydride BDEs is ~60 kcal/mol.!" The present
study provides evidence that this figure is a useful value for both
first- and second-row metals. Continued work in our labs is
directed at characterizing metal environments that might be ca-
pable of inducing stronger than typical bonds!!'!> and at deter-

(9) For metals on the left side of the periodic table, both the sd” and d"*!
configurations lead to the same ground states (YH®, 24; ZrH*, °@;
NbH*, 4A; MoH™, 3Z). See ref 3.

(10) Scott, P. R.; Richards, W. G. Mol. Spectrosc. (Chem. Soc., London)
1976, 4, 70-95.

(11) Halpern, J. Inorg. Chim. Acta 1988, 100, 41-48.

(12) Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103,
190-192.
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mining whether the third-row transition metals that activate C-H
bonds'? might behave differently, perhaps because they have filled

(13) See for example: Crabtree, R. H.; Demou, P. C.; Eden, D.; Mihelcic,
J. M,; Parnell, C. A.; Quirk, J. M.; Morris, G. E. J. Am. Chem. Soc.
1982, 104, 6994-7001. Janowicz, A. H.; Bergman, R. G. J. Am. Chem.
Soc. 1983, 105, 3929-3939. Hoyano, J. K.; McMaster, A. D.; Graham,
W. A. G. Ibid. 1983, 105, 7190-7191. Jones, W. D.; Feher, F. J. Ibid,
1982, 104, 4240; 1984, 106, 1650-1663. Buchanan, J. M,; Stryker, J.
M.; Bergman, R. G. Ibid., in press.

(14) Presidential Young Investigator, 1984-1989.

4f orbitals shielding the 5d electrons.
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Mononuclear Chromium Complexes of the Tripod Ligand (Tripod =
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Atta M. Arif, John G. Hefner, Richard A. Jones,* and Bruce R. Whittlesey

Received August 2, 1985

Tripod (tripod = 1,1,1-tris((dimethylphosphino)methyl)ethane) reacts with anhydrous CrCl; or CrCl3(THF), in THF or CH,Cl,
to give CrCly(tripod), which may be crystallized from CH,Cl, as a dichloromethane solvate, fac-CrCly(tripod)-CH,Cl, (1), in
high yield (>95%). All three phosphorus atoms are coordinated to the Cr atom. The reaction of anhydrous CrCl, with 2 equiv
of tripod in THF vyields trans-CrCl,(tripod), (2) in 96% yield. In 2, each tripod behaves as a bidentate ligand with one unco-
ordinated -PMe, group. The reduction of 2 with Na/Hg in THF yields Cr(tripod), (3) in 70% yield. The coordination geometry
about Cr in 3 is that of a trigonal antiprism. X-ray diffraction studies have been performed on fac-CrCl,(tripod)-CH,Cl, (1),
CrCly(tripod), (2), and Cr(tripod), (3). Crystal data for 1 (CrClsP;Cy,Hyg): M, = 495.55, orthorhombic, Pbca (No. 61), a =
15602 (2) A, b =16.718 (5) A, c = 17.030 (2) A, V = 4442 A d,,, = 1.482 g/cm?, Z = 8, A\(Mo Ka) = 0.71073 A (graphite
monochromator), u(Mo Ka) = 13.2 cm™, final R = 0.046 (R, = 0.049) from 2351 observed reflections (I > 3a(J)) of 4351
measured. Crystal data for 2 (CrCl,P¢Cy,Hsy): M, = 627.42, monoclinic, P2,/c (No. 14), a = 8.305 (1) A, b = 20.528 (3) A,
c =10.008 (2) A, 8 =103.799 (13)°, V = 1658 A?, d.,q = 1.257 g/em?®, Z = 2, A(Mo Ka) = 0.71073 A (graphite mono-
chromator), u(Mo Ka) = 8.0 cm™, final R = 0.059 (R,, = 0.071) from 1397 observed reflections (I > 3¢([)) of 1546 measured.
Crystal data for 3 (CrPsCy,Hs,): M, = 556.52, orthorhombic, Pnnm (No. 58), a = 9.964 (2) A, b = 10.709 (2) A, ¢ = 13.723
(3) A, V=1464 A% d_.q = 1.262 g/cm®, Z = 2, A\(Mo Ka) = 0.71073 A (graphite monochromator), u(Mo Ka) = 7.1 em™,
final R = 0.063 (R,, = 0.067) from 815 observed reflections (/ > 3o(/)) of 1511 measured. Complexes 1-3 have also been

characterized spectroscopically.

Introduction

The coordination chemistry of potentially multidentate phos-
phine ligands with transition-metal carbony! species has been well
established.! Several complexes involving metals in higher ox-
idation states have been prepared for the late, first-row transition
metals. Examples are known for Ni(I), Ni(IT), Co(I), and Co(II)
with potentially tri- and quadridentate phosphines, arsines,
thioethers, and amide ligands as well as mixed ligands.? To date,
most examples of chromium halide complexes bearing multidentate
phosphines have involved Cr(III). These include CrX;E (X =
F, Cl, Br, I; E = multidentate arsine, phosphine, or thioether).>
Related chromium(II) halide complexes with multidentate ligands
include [Cr(tetraphos)X]BPh4 (X = Cl, Br, [; tetraphos = tris-
(2-(diphenylphosphino)ethyl)phosphine),* [Cr(QP;) X]BPh, (X
= C|, Br, I; QP; = tris(2-(dicyclohexylphosphino)ethyl)amine),

(1) McAuliffe, C. A.; Levason, W. “Phosphine, Arsine, and Stibene Com-
plexes of the Transition Elements”; Elsevier: New York, 1979. See also:
Kyba, E. P,; Alexander, D. C.; Hohn, A. Organometallics 1982, 1, 1619
and references therein).

(2) For examples, see (and references therein): Midollini, S.; Cecconi, F.
J. Chem. Soc., Dalton Trans. 1973, 681. Sacconi, L.; Morassi, R. J.
Chem. Soc. A 1970, 575. Sacconi, L.; Bertini, I.; Mani, F. Inorg. Chem.
1968, 7, 1417. Sacconi, L.; Bertini, I. J. Am. Chem. Soc. 1968, 5443,
Sacconi, L.; Midollini, S.; J. Chem. Soc., Dalton Trans. 1972, 1213.

(3) Gray, L. R;; Hale, A. L.; Levason, W.; McCullough, F. P.; Webster,
M. J. Chem. Soc., Dalton Trans. 1984, 47.

(4) Mani, F.; Stoppioni, P.; Sacconi, L. J. Chem. Soc., Dalton Trans. 1978,
461.
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and [Cr(NP;)X]PF, (X = Cl, Br; NP; = tris(2-(dimethyl-
phosphino)ethyl)amine).> This report describes the synthesis and
X-ray structures of three tripod (tripod = 1,1,1-tris((dimethyl-
phosphino)methyl)ethane) complexes of Cr(0), Cr(II), and Cr-
(III). Only three examples of stable Cr(0) hexaphosphorus
compounds have previously been described: Cr(dmpe);® (dmpe
= ],2-bis(dimethylphosphino)ethane), Cr(PF;),’” and Cr[P(OR);]¢
(R = alkyl group), the last compound being prepared by met-
al-vapor synthesis.!® The Cr(0) hexakis(trimethyl phosphite)
complex is reportedly active as a catalyst for the hydrogenation
of olefins.® To our knowledge, Cr(tripad), (3), reported here,
represents the first structurally characterized example of a Cr(0)
hexakis(trialkylphosphine) complex.

Experimental Section

General Procedures. All operations were performed under nitrogen
or vacuum. Microanalyses were by Schwarzkopf Microanalytical Lab-
oratory, Woodside, NY. THF and hexane were dried over sodium and
distilled from the sodium/benzophenone ketyl radical under nitrogen
immediately prior to use. Toluene was distilled from sodium, and
methylene chloride was dried and distilled from calcium hydride under
nitrogen. All solvents were degassed prior to use. CrCl3(THF),® was

(5) Mani, F.; Stoppioni, P. Inorg. Chim. Acta 1976, 16, 177.

(6) Chatt, J.; Watson, H. R. J. Chem. Soc. 1962, 2545.

(7) Timms, P. L. J. Chem. Soc. A 1969, 1033.

(8) Ittel, S. D.; Tolman, C. A. U.S. Patent 4155925 (Cl. 260-438.5R; CO7
F11/00), May 22, 1979.
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