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Abstract: The factors that influence the formation of a tetrahedral alkoxide complex related to a critical
intermediate of the catalytic cycle of liver alcohol dehydrogenase have been probed by a combined experimental
and computational investigation of the reactions of the tris(pyrazolyl)hydroborato zinc hydroxide complexes
[TpRR]ZnOH with alcohols. The study demonstrates that zinc alkoxide formation is electronically favored by
incorporation of electron-withdrawing substituents in the alcohol but is sterically disfavored for bulky alkoxides.
A computational analysis indicates that these trends are a result of homolyti©Rrand Zr-OAr BDEs

being more sensitive to the nature of R and Ar than are the corresponei@R-Hand H-OAr BDEs. Thus,
electron-withdrawing substituents increase—Z»Ar bond energies to a greater extent thar®Ar bond
energies, while bulky substituents decrease @R bond energies to a greater extent thar@®R bond energies.

With the exception of derivatives of acidic alcohols (e.g., nitrophenol), the zinc alkoxide compleX&g-[Tp
ZnOR are very unstable toward hydrolysis. This hydrolytic instability of simple zinc alkoxide complexes suggests
that the active site environment of LADH plays an important role in stabilizing the alkoxide intermediate,
possibly via hydrogen-bonding interactions.

Introduction Scheme 1

Zinc alkoxide species are proposed to be essential intermedi- Fli R
ates in the oxidation of alcohols catalyzed by liver alcohol o/C\ ot O/C\‘l_li—|
dehydrogenase (LADHY:® Such species are generated by H H ‘
displacement of the water molecule at the tetrahedral active site, ‘u I

K . Zn:.., Zny,,

accompanied by proton transfer (Scheme 1). An understanding i N\ Crs v N\ Cys
of the factors that influence the stability of tetrahedral zinc ° Cys Cys
alkoxide complexes with respect to hydrolysis is, therefore, NAD*
critical to understanding the mechanism of action of LADH. In H:0
this paper, we report a combined experimental and computa-
tional study to quantify the effect of varying the alkoxide group RCH,OH NADH
on equilibria involving alcoholysis of a tetrahedral zinc hy- Fl*
droxide complex. Specifically, the results demonstrate that ~C.
. ) : \ ; OH, 07 TH
incorporation of electron-withdrawing substituents promotes the l
formation of a tetrahedral alkoxide species. 2l 2

(1) (@) Holm, R. H.; Kennepohl, P.; Solomon, E.Ghem. Re. 1996 His/ \%""Cys ; His/ \\%Cys
96, 2239-2314. (b) Lipscomb, W. N.; Stter, N. Chem. Re. 1996 96, Cys mono 20 Cys
2375-2433. (c) Kimura, E.; Koike, T.; Shionoya, Mstruct. Bond1997, LADH

89, 1-28.
(2) For studies modeling aspects of LADH structure and chemistry, see: Results and Discussion
(a) Bergquist, C.; Parkin, Gnorg. Chem1999 38, 422—-423. (b) Kimblin,

C.; Hascall, T.; Parkin, @norg. Chem1997, 36, 5680-5681. (c) Shoner,
S. C.; Humphreys, K. J.; Barnhart, D.; Kovacs, J.lAorg. Chem.1995
34, 5933-5934. (d) Kimura, E.; Shionoya, M.; Hoshino, A.; lkeda, T.;
Yamada, Y.J. Am. Chem. Sod.992 114, 10134-10137. (e) Engbersen,
J. F. J.; Koudijs, A.; van der Plas, H. @. Org. Chem199Q 55, 3647
3654. (f) Kellogg, R. M.; Hof, R. PJ. Chem. Soc., Perkin Trans.1P96
1651-1657. (g) Miller, B.; Schneider, A.; Tesmer, M.; Vahrenkamp, H.
Inorg. Chem.1999 38, 1900-1907.

(3) For computational studies concerned with LADH structure and
mechanism, see: (a) Ryde, Ut. J. Quantum Cheml994 52, 1229~
1243. (b) Ryde, UJ. Comput. Aid. Mol. Dedl996 10, 153-164. (c) Cini,
R.J. Biomol. Struct. Dyn1999 16, 1225-1237. (d) Ryde, UEur. Biophys.

J. 1996 24, 213-221. (e) Agarwal, P. K.; Webb, S. P.; Hammes-Schiffer,
S.J. Am. Chem. So200Q 122, 4803-4812.
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The active site of LADH is composed of a tetrahedral zinc
center which is attached to the protein backbone by the nitrogen
and sulfur donors of one histidine and two cysteine residues
(Scheme 1). Synthetic analogues with this coordination environ-
ment that also feature the catalytically important aqua (or
hydroxide) entity are, however, unknowhFurthermore, re-
gardless of the nature of the supporting ligands, the formation
of mononuclear tetrahedral zinc alkoxide complexes from zinc
hydroxide derivatives is not well documented. Two notable
examples, however, are (i) the synthesis of alkoxide complexes
by the reactions of tris(pyrazolyl)hydroborato zinc hydroxide
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Figure 1. Molecular structure of [TH*Me]ZNOCsHINO,.
Hx0 ”AFOH (Kar) The equilibrium constant(,) for the alcoholysis reactions
. of [TpBYMe]ZnOH with p-XCgH4OH (Scheme 2) have been
—< S Bu determined by'H NMR spectroscopy. For the reaction with
N-g\ BU! p-MeCsH4OH, the equilibrium constant in THEs was deter-
H— B//N—NAZn mined directly, but for all other derivatives, the equilibrium
/ constants were obtained via a thermodynamic cycle involving
the experimentally determined equilibrium constant for alkoxide
/&/* exchange between [PHMe]ZnOCsH4Me andp-XCgH4OH. The
equilibrium constant data are listed in Table 2.
derivatives [TfFR]ZnOH with ROHZ24 and (i) the intramo- A Hammett plot of log K versuso gives a good linear

correlation with g value of 2.8 (Figure 2), indicating that zinc
aryloxide formation is strongly favored by electron-withdrawing
substituent$. For comparison, the equilibrium is substantially
more sensitive to electronic effects than is the exchange of
(MezC,)Re(O)(OPh) with ArOH, which is characterized by a
value of only 0.71 for a plot of log versuso.2 To gain more
insight into the factors influencing the formation of the aryl-
oxide complexes, we have studied the thermodynamics of the

lecular generation of alkoxide complexes in which the alcohol
functionality is pendant to the macrocyclic ligand that binds
the zinc®

Since mononuclear zinc hydroxide complexes with a [SSN]-
ZnOH composition are unknown, we have selectecPfmys]-
ZnOH for studies designed to evaluate the factors responsible.
for influencing alcoholysis equilibria, recognizing that the
coordination motif is not identical to that of LADH. We have

previously reported that the equilibrium constants for the aIco_hoI_y_S|s reactions using c_omputatlonal methods. .
formation of the alkoxide complexes [THMJZnOR from Significantly, DFT calculations (B3LYP) performed using

[TpBUMe|ZnOH and ROH (R= Me, Et, P, Bu) are highly Jz:]gua?z?]re in (lexclellegt algreeme_:ntwith theg_}(fperimental resultls.
dependent upon the nature of R, decreasing markedly in theIzu;’ ’k(t:atlarr::c?rfreztseexgtr?ggr?i?(t:hgr??rrlgyexI e_renctesi art?] ?n y
following sequence: Me Et > Pr > But.22 Since this trend : ) perimental enthaipy
is presumably the result of a composite steric and electronic changes (Table 2). More importantly than the difference being

influence, we have sought to separate these components b mall, it is also _roughly constant throughout the series, such
studying a series of para-substituted phenolCeH,OH, for hat the correlation between the experimental and calculated

which electronic substituent parameters (e.g., Hammett re?l'l::teselifee(ftcgf”:\nstu(tl):slgﬁjreen?(.)n the energetics of the reactions
constants) are available. 9

[TpB¥Me|ZnOH reacts with a variety qi-XCgHaOH deriva- between [TBYMe]ZnOH and ArOH is dictated by its influence

, . : on the respective [T§¥"M€]Zn—OAr and H-OAr BDEs. In this
tives to give the phenoxide complexes PF€|ZnOCsH4X as . . .
components in an equilibrium mixture. The latter complexes regard, the thermodynamic cycle illustrated in Scheme 3

may be independently synthesized by the irreversible reactionsd.emonStrates that the substituent effect can be conceptually

: : discussed equally well in terms of the influence of substituents
of the hydride complex [T§"Me]ZnH with p-XCeH4OH (Scheme ; . X
2). Theymolecular Ztructures]of [WMe]Z[ﬁOCZHjx (X( = BU, on either hogolytlc or heterolytic [-W'ME]ZH_ON and
C(O)Me, NH, NO,) have been determined by X-ray diffraction, E—Op(\jr' BDEs: dl-:owever, ?nce P:orr:qut;(r:] Arl?H iB;lDEZ hallve
thereby confirming their mononuclear nature, as illustrated for een discussed to a greater extent In the lileratagd also
[TpBMe]ZnOCeH,NO, in Figure 1. Selected bond lengths and the effect of solvation on homolytic BDEs is less than that on

angles for the [TBHMe|ZnOCsH X derivatives are summarized heterolytic BDEs, it is more useful to focus attention on the

; effects of the alcoholysis reactions in terms of homolytic BDEs.
in Table 1. . . Lo
The experimental and computational studies indicate that

13((142;\;?%,8 g.; Weis, K.; Ruf, M.; Vahrenkamp, i&hem. Ber./Recll997, electron-withdrawing substituents favor the formation of the zinc

(5) (@) Kimﬁra, E.; Kodama, Y.; Koike, T.; Shiro, M. Am. Chem. Soc. (6) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195.
1995 117, 8304-8311. (b) Kimura, E.; Nakamura, |.; Koike, T.; Shionoya, (7) A plot based oo~ has a slope of 2.0.
M.; Kodama, Y.; lkeda, T.; Shiro, Ml. Am. Chem. S04994 116 4764~ (8) Erikson, T. K. G.; Bryan, J. C.; Mayer, J. Mrganometallics1988
4771. (c) Koike, T.; Kajitani, S.; Nakamura, I.; Kimura, E.; Shiro, 8. 7, 1930-1938.

Am. Chem. Sod995 117, 1210-1219. (9) Jaguar 3.5 and 4.0, Schiinger, Inc., Portland, OR, 1998.
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Table 1. Selected Bond Lengths and Angles
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[TpBUMe]ZNOCsH4C(O)Me

[TP¥Me|ZNOCHNO,

[TpBUMe]ZNOCsHNH; [TpBU“MeE|ZNOCHBU

Zn—Na/A 2.04 2.04 2.05 2.05
Zn—0/A 1.827(2) 1.849(3) 1.845(2), 1.849¢2) 1.846(2), 1.842(2)
Zn—0—Cldeg 168.4(2) 157.5(3) 146.6(2), 147.3(3) 145.0(2), 152.7(2)

aData for two crystallographically independent molecules.

Table 2. Equilibrium Constant and Enthalpy Data for Alcoholoysis
Reactions of [TpYMe]ZnOH

AHexp{ AEcaI(/
ROH K (300 K) kcal moft 2 kcal mol™*

ButP ~1078 ~8 8.86
Prib 3(1) x 10°5 3.5(2) 7.14
Et° 9(2) x 104 1.5(2) 4.37
Meb 1.4(2)x 1073 1.2(1) 4.03
CeHsOMe 4.2(9) —-0.9(1) 1.47
CeH.BU! 4.8(10) —0.9(1) 1.06
CeHsMe 4.9(10) —-1.0(1) 1.64
CeHs 1.0(2) x 10 —1.4(1) 1.17
CeHal 9(2) x 10t —2.7(1) —0.44
CsH,COMe 2.7(6)x 1 —3.3(2) —1.04
CsH.COMe 3.1(6)x 10 —3.4(1) —1.42
CoHsNO, 3.5(8)x 10° —-4.9(1) —3.57

@ AH values are calculated by assuming values-8feu for reac-
tions involving ROH and 0 eu for reactions involving ArOH. These
values are based on measured values for the reactions between (i
[TpBUMe]ZnOH and MeOH in MeOH solvent and (i) [PgMe]ZnOH
and p-MeCsH,OH in THF. " Data taken from ref 2a.

4

Ka
{TptBuMelznOK + ArOH Ze—= [Tp*BMeZnOAr + H,0

0

-0.4 -OI.2 0?0 Ot2 0i4 OTG 0.8
g
Figure 2. Hammett plot of logK versuso for the reaction of [TpMe]-

ZnOH with XCgH4OH.

aryloxide compound because they increase the homolytic
Zn—OAr BDEs in [TPYMe]ZnOAr to a greater extent than the
corresponding HOAr BDEs1112Thus, rather than exhibiting
the 1:1 correlation between™X and H—X bond energies that
has been reported for certain other systéhtise Zn-OAr BDE
is substantially more sensitive to the para substituent than is
the H—-OAr BDE, by a factor of 1.4:1 (Figure 4.

Previous studies indicate that electron-withdrawing para
substituents increase homolytic Ar®! BDEs as a result of
preferential stabilizatiot? of ArOH due to increased delocal-

(10) Heterolytic M—OAr values are related to the homolytic values by
the electron affinity of Ar®and the ionization potential of MM = H,
[TpBYMe|zn); i.e, D(M—OArNuet = D(M—OAr)Homo — EA(OAr) +
IP(M?).

(11) For a recent review of homolytic AFeH BDEs, see: Borges dos
Santos, R. M.; Martinho Siffes, J. AJ. Phys. Chem. Ref. Da98 27,
707-739.

(12) For other calculations on AreH BDEs, see: (a) Wu, Y.-D.; Lai,
D. K. W. J. Org. Chem1996 61, 7904-7910. (b) Brinck, T.; Haeberlein,
M.; Jonsson, MJ. Am. Chem. S0d.997, 119, 4239-4244. (c) Bordwell,
F. G.; Zhang, X.-M.; Satish, A. V.; Cheng, J.-P.Am. Chem. S0d.994
116, 6605-6610.

8

Kn I}
(TpBuMeIZnOH + ROH =——=2 [Tp'B*MJZn0OR + H,0 ProH »

I

AE (calc.)/kcal mol™!
N

|—1

AH (expt.)/kcal mol

Figure 3. Correlation of experimentahH and calculated\E values

j‘or the various alcoholysis equilibria.

Scheme 3

—» [LZne + OH¢ + [ArO- + H:)

—D(LZn-OAr)yomo

D(LZn-OH}omo ~D(HO-H)romo
D(ArO-H)romo
—IP(LZn) }
A(OH. AH
FACH) LZn-OH + ArO-H =————== LZn-OAr + H0
EA(ArO")
—1P(H")
D(LZN-OH)yer
D(ArO-H)pe —D(LZn-OAf)e,
~D(HO-H)per

L [LZn* + OHT] + [AO™ + H']
AH = [D(LZn—OH)Homo + D(AFO-H)omo] — [DILZN-OAn)gmo + D{HO—H)omol
AH = [D(LZN—OH)yet + D(ArO-Hie] — [DILZN-OArer + DHO-H)perl

D(LZN-OAr) et = DILZN-OAN) pomo — EA(OA®) + IP(LZ1)

ization of the electron density from the oxygen atom; destabi-
lization of the product radical ArOby electron-withdrawing
substituents serves to reinforce this effect (Figuré!8%.16
Electron-donating para substituents correspondingly decrease
the H-OAr BDE, but the effect is principally due to stabilization

(13) See, for example: (a) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.;
Tam, W.; Bercaw, J. EJ. Am. Chem. Sod 987 109 1444-1456. (b)
Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163-1188. (c) Bryndza,

H. E.; Domaille, P. J.; Tam, W.; Fong, L. K.; Paciello, R. A.; Bercaw, J.
E. Polyhedron1988 7, 1441-1452.

(14) The data in Figure 4 correspond to the calculated values. The
experimental ratio is also 1.4:1, but for two fewer compounds since data
are not available. Specificaly\p(Zn—OAr) = 1.4MD(H—0OAr) — D(Zn—

OH) — 152 kcal mot?.

(15) It is recognized that the word “stabilization” is being used loosely
in this context since it is inappropriate to compare energies of molecules
with different compositions. See ref 11.

(16) For calculations on ROH, see: (a) Damraued FAm. Chem. Soc.
200Q 122, 6739-6745. (b) Safi, B.; Choho, K.; De Proft, F.; Geerlings, P.
J. Phys. Chem. A998 102, 5253-5259. (c) De Proft, F.; Langenaeker,
W.; Geerlings, PTetrahedron1995 51, 4021-4032. (d) Tupper, K. J.;
Gajewski, J. J.; Counts, R. W. Mol. Struct (THEOCHEM1991, 236,
211-217.
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D(Zn-OAr) = 1.40D(H-OAr) — 54 kcal mol ™! I NO; «

807

o
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A

D(Zn-OAr)/kcal mol™!
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o
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D(M-0CgH;X) - DIM~OCgHs)/kcal mol”

-
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]
D(H-OArYkcal mol™!

] ] i Figure 6. Variation of calculated homolytic ZrROAr and H-OAr
Figure 4. Correlation of calculated homolytic ZrOAr and H-OAr BDEs as a function of the value of the para substituent.

BDEs.

differentialin relative Zn-OAr and H-OAr bond energies than
EWG@'O'*H' do electron-donating substituents. Thus, electron-donating sub-
S H@o' o stituents (OMe, Bl Me) influence both Zr-OAr and H-OAr
e EDG @O.m. bond energies to a similar degree (Figures 6 and 7);, Nite
most strongly electron-donating substituent, is the only one for
which a notable differential between relative Z@Ar and
D(ArEcO-H) DPhO-H) D(ArepgOH) H—OAr BDEs exists (Figures 6 and 7). For the homolytic bond
dissociation energies, this result is in accord with the afore-
1 mentioned notion that an electron-donating substituent princi-
i pally modifies the H-OAr bond energy by influencing the
i EDG@OH . .
energy of the ArOradical as opposed to exerting a ground-
— “@_0” state effect on ArOHY12 Thus, for the extreme case that a
Ewe@on substituent influences only the radical and not the ground state,

Fi 5 wal inf ¢ electron-donati d elect its influence on a M-OAr BDE would be independent of the
jgure o. onceptual Influence or electron-donating ana electron- nature of M (M: Zn, H).

withdrawing substituents on X8,0—H homolytic BDEs (see refs 11
and 12a).

The above results suggest that the influence of electron-
withdrawing substituents on alcoholysis equilibria is associated
with preferential stabilization of the partial negative charge on
the oxygen atom of [T"Me]ZnOAr as compared to that of
ArOH. This interpretation is in accord with that provided by
Bergman, Andersen, and Holland to rationalize the influence

substituent to stabilize electron density on the oxygen atom of electron-withdrawing substituents on equilibria involving

the greater sensitivity of the ZrOAr BDE may be attributed transition metal ar.ni.QO, aryloxo, and glkoxo .comple%@.
to the Z*—OAr*~ bond being more polar than the’H- However, the possibility that electron-withdrawing substituents

OAr~ bond. For example, the Mulliken charges on the oxygen increase the homolytic ZrOAr bond dissociation energy by

atom in [TFUMEZNOAr are in the range-0.73 to —0.77 minimizing “filled—filled” & repulsions between the oxygen
whereas those in ArOH are in the rang@.39l t0—0.41. An lone pairs and the electrons associated with the metal center

electron-withdrawing substituent would, therefore, exert a should also be consideréiBergman, Andersen, and Holland,

greater influence in stabilizing the partial negative charge on howe_ver_, invoked *Ockham’s rach’-P’_and concluded that if
the oxygen atom in [TB*Me[ZnOAr than that in ArOH, with polarization effects alone may explain the data, there was no

the result that the ZROAr BDE is more sensitive to the '€ason to incorporate “filledfilled” repulsions into the argu-

substituent than is the HOAr BDE, as illustrated in Figure 6. ment. _In this regard, it shoulq be noted that Hfilletlled” =
Alternatively, in terms of arguments basedtaterolyticbond repuls_,lons_ are clearly_not possible for ArOH, but yet the®Ar
dissociation energies, the experimental and computa'[ionall?’%E IS stlllfstrorr:gly mfluenlcehd byhthe para substlyge.nt. f th
studies indicate that electron-withdrawing substitueletsrease 7 ngXort or t ﬁkgzp%sa dt_a:jt € grﬁater sensmv:ty_o tfe
the heterolytic Zr-OAr bond dissociation energies tdesser hn_Z r(;/zrsgs di r on_d '3 t:]e to tl_e g_reate:c pﬂ ar:jtyol
extent than those for the - HOAr bond energies (Table 3 and the Zn- rEr on dlslzﬁ)row e.f. I)I/ aF;\P |cat|c()jn|o the dual-
Figure 7). Essentially, electron-withdrawing substituents de- paramete —C moadet: Speci ically, this model separates a
crease both heterolytic ZrOAr and H-OAr bond energies substituent effect into electrostatic and covalent components via

because they stabilize the Ar@nion to a greater extent than (17) Holland, P. L.; Andersen, R. A.; Bergman, R. Gomments Inorg.
M—OAr (M = Zn, H), but the effect is less for the ZOAr Chem.1999 21, 115-129.

i : : : : (18) Holland, P. L.; Andersen, R. A.; Bergman, R. G.; Huang, J.; Nolan,
bond because it is more polar (i.e., the aryloxide moiety is ¢ 55 'Am” chem. 304997 119 12800-12814.

of the ArO radical, with destabilization of ArOH contributing
only to a small degree.

Within the construct that rationalizes the increase in homolytic
H—OAr BDE in terms of the ability of an electron-withdrawing

closer to OAr); indeed, the heterolytic ZnOAr BDEs are (19) Caulton, K. GNew. J. Chem1994 18, 25-41.
~200 kcal mot? lower than the corresponding heterolytic (20) Rodfguez-Fernadez, J. L.Endeaour 1999 23, 121-125.
H—OAr BDEs (Table 3). (21) (a) Drago, R. SApplications of Electrostatic-G@lent Models in

. . . . . Chemistry Surfside Scientific Publishers: Gainesville, FL, 1994. (b) Vogel,
It is also important to emphasize that electron-withdrawing ¢ ¢ . Drago, R. SJ. Chem. Educl996 73, 701-707. (c) Drago, R. S.:

substituents (relative to hydrogen) create a more significant Dadmun, A. P.J. Am. Chem. S0d.993 115, 8592-8602.
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Table 3. Homolytic and [Heterolytic] Bond Dissociation Energies

J. Am. Chem. Soc., Vol. 122, No. 51, 29665

D(RO—H)expf D(RO—H)cad D([TpB"“Me]Zn—OR)cad D([Tp]Zn—OR)ad
R kcal mol? kcal mol? kcal mol? kcal mol?

Bu 105.% [375.9F 105.9 [385.6] 80.1[149.3] 83.4[172.7]
Py 104.7[376.7F 109.0 [389.9] 84.9 [155.3] 83.5[174.0]
Et 104.2 [378.6F 108.1 [392.5] 86.7 [160.7] 82.8[176.7]
Me 104.4 [381.7F 108.3 [396.8] 87.3[165.4] 82.9[181.0]
H 119 [390.7P 122.4[419.8] 105.2 [192.2] 99.7 [206.7]
CeHaNH, 79.2[352.5F 83.2[364.7] 63.5 [134.4] 62.3[187.0]
CeHsOMe 83.5[350.4F 86.3 [362.1] 67.8[133.2] 66.9 [191.5]
CeH4BUL 87.1°[348.5F 90.9 [359.4] 72.9[130.9] 71.8[196.5]
CeHsMe 86.8 [350.4F 90.5 [360.9] 71.9[131.8] 71.4[196.1]
CeHs 88.7 [349.2F 92.8[360.1] 74.7 [131.5] 74.2[198.8]
CeHal 88.5[] 91.8[35.7] 75.3[124.7] 74.7[199.3]
CsH4COMe —[337.2F 94.5 [345.5] 78.6 [119.1] 78.0 [202.7]
CeHsCOMe 90.9[335.6F 94.4 [343.9] 78.9[117.9] 78.6 [203.3]
CeHaNO;, 94.F [327.9F 97.0[334.9] 83.6 [111.0] 82.8 [207.4]

aMcMillen, D. F.; Golden, D. M.Ann. Re. Phys. Chem1982 33, 493-532.° Berkowitz, J.; Ellison, G. B.; Gutman, 3. Phys. Chenml994
98, 2744-2765.¢ Reference 119 Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger,
W. C.; Ellison, G. BJ. Am. Chem. S0d.99Q 112 5750-5759.¢ Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D.; Mallard,
W. G.J. Phys. Chem. Ref. Datt998 17, Suppl. 1.

10 Table 4. Comparison of the Calculated Energetics of the
_ NH2 1 onr Alcoholysis Reactions of [T{"M€]ZnOH and [Tp]ZnOH
£ AEcad [TPB¥Me|Zn}/  AEcad[TPlZn}/  AAEcad
T of ROH kcal mol? kcal mol? kcal mol?
£ Bu 8.86 0.06 8.80
£3 P 7.14 2.99 4.15
§2 10 Et 4.37 2.83 1.54
2 Me 4.03 2.90 1.13
% CeHaNH, 2.77 -1.56 4.33
S Ce¢HsOMe 1.47 —3.09 4.56
2 201 CsHaBU! 1.06 -3.38 4.44
5 N CeHsMe 1.64 —3.42 5.06
¢ CeHs 1.17 —-3.82 4.99
" ‘ . , , . \ . CoHal —0.44 -5.34 4.90
08 06 04 02 0.0 02 0.4 06 0.8 CeH4COMe —1.04 —5.96 4,92
e CeH,COMe —1.42 —6.65 5.23
Figure 7. Variation of calculated heterlytic ZnROAr and H-OAr CsHaNO, —3.57 —8.26 4.69
BDEs as a function of the value of the para substituent.
10
the expression lo¢(/Kn) = dEAE* + dCACX, whereAE* and E But
AC* are the electrostatic and covalent substituent constants, and {[TpRRjZnou + ROH === [Tp""IZnOR + HyO
8-

dE anddC are the electrostatic and covalent counterparts of the
Hammettp value. The derived valuesF = —8.5 andd® =
1.3, indicate that the electrostatic component dominates the
equilibrium and thereby suggest that electron-withdrawing
substituents increase the Z@Ar BDE to a greater extent than
the H-OAr BDE (see Supporting Information) due to the
greater polarity of the former bond. For comparison, the
equilibrium between Cp*Ni(PEINHTol and XGHaNH; is
characterized by the valugls = —18.4 andd® = 1.817.1822

We have also carried out calculations on the energetics of
the reactions of [T#*Me]ZnOH with aliphatic alcohols (MeOH, 0 - : - : -
EtOH, PrOH, BUOH), and the results are in close agreement Figure 8. Influence of the tris(pyrazolyl)hydroborato ligand on the
with the experimental results, with zinc alkoxide formation calculated energetics of the alcoholysis equilibria.
becoming increasingly disfavored in the following sequence:
Kve > Kgt > Kpi > Kpy (see Figure 3 and Table 2.The groups. Not only do the calculations indicate that reducing
calculations indicate that this trend is a result of the homolytic the steric demands of the tris(pyrazolyl)hydroborato ligand
Zn—0OR BDE decreasing more rapidly upon increasing the bulk favors the formation of the alkoxide complex (Table 4), but
of R than does the corresponding-®R BDE (see Table 3). the calculations also indicate that the difference between the
Presumably, the greater sensitivity of the-ZDR BDEs is a [TpBUMeZNOR and [Tp]ZnOR systems becomes more pro-
reflection of enhanced steric interactions between R and thenounced as the alkoxide group becomes bulkier (Figure 8). This
tert-butyl substituents of the [T3"M€] ligand. Support for this trend is a consequence of the PFi¥€|Zn—OR BDE decreasing
suggestion is provided by calculations on the parent [Tp]ZnOR more rapidly than the [Tp]ZzrOR BDE upon increasing the
system, which is devoid of bulky substituents on the pyrazolyl size of R.

Reducing the steric demands of the tris(pyrazolyl)hydroborato
ligand also favors the formation of the aryloxide derivatives,
but the effect is relatively insensitive to the nature of the para

AE{[Tp*BuMeyy _ AE([Tp]} keal mol™

(22) For the application of the dual-paramekerC model to the Ka
values of phenols, see: Bosch, E.; Rived, F.; Rpbk; Sales, JJ. Chem.
Soc., Perkin Trans. 2999 1953-1958.
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substituent. For examplAAE for the various para-substituted
aryl oxide derivatives span a range of only 0.9 kcal mol
compared to a range of 7.7 kcal mblfor the alkoxide
derivatives (Table 4).

Interestingly, while steric effects clearly play an important
role in promoting the reaction of an alcohol with [Tp]ZnOH
over that of [TF"Me]ZnOH, it is important to note that the
intrinsic electroniceffect of the [TF"M€] ligand versus the [Tp]
ligand is actually tancreasethe strength of the ZAROR bond.

As an illustration for the hydroxide complexes, where steric
effects are minimal, the calculated homolytic-ZOH BDE of
[TpBUMe]Zn—OH (105.2 kcal mot?) is greater than that of [Tp]-
Zn—0OH (99.7 kcal motY); in fact, with the exception of the
tert-butoxide derivatives, the ZnOR BDEs of all other
[TpB4Me|Zn—OR derivatives are greater than those of the [Tp]-
Zn—OR counterparts (Table 3). The greater strength of the
[TpBYMe]Zn—OR bonds is presumably due to the ability of the

between the zinc system described here and the vanadium
system is that the vanadium complexes (dipic)VO(OR) are

electronically unsaturated; i.e., in the absencerafonation,

the vanadium centers possess 12-electron configurations. As
such, the thermodynamics for the vanadium system is strongly
influenced by favorabler-donor interactions.

Experimental Section

General Considerations.All manipulations were performed using
a combination of glovebox, high-vacuum, or Schlenk technigties.
Solvents were purified and degassed by standard procedures. NMR
spectra were recorded on Bruker Avance 300wb DRX, Bruker Avance
300 DRX, Bruker Avance 400 DRX, and Bruker Avance 500 DMX
spectrometersH and*3C chemical shifts are reported in ppm relative
to SiMe, (0 = 0) and were referenced internally with respect to the
protio solvent impurity or thé’C resonances, respectively. All coupling
constants are reported in hertz. IR spectra were recorded as KBr pellets

more strongly electron-donating [FHV] ligancP®?4to stabilize ona I_Derkm-EIm(_ar Spectrum 2000 spectrophotometer and are reported
in reciprocal centimeters. C, H, and N elemental analyses were measured

the partigl positive charge on zinc fo a greater degree. IncreasinqJsing a Perkin-Elmer 2400 CHN elemental analyzer8fi5]znH was
the steric demands of the substituent on oxygen reduces theprepared by the literature methed.
Zn—OR BDEs of both [T§""|Zn—OR and [Tp]Zn-OR, but Synthesis of [TF*Me]ZnOC ¢H4NH,. A solution of 4-aminophenol
since steric interactions influence the former to a greater degree,(49 mg, 0.45 mmol) and [T8:¢]ZnH (200 mg, 0.41 mmol) in THF
the formation of [TF"M€]Zn—OR is inhibited more than that (10 mL) was heated at 120 for 3 days. The reaction mixture was
of [Tp]Zn—OR from the respective hydroxide complexes. filtered, and the volatile components were removed from the filtrate in
Recent theoretical studies have re-emphasized that alcoholacuo to give [TB“M]ZnOCsHsNH as a white solid (127 mg, 51%).
deprotonation and zinc alkoxide formation takes place prior to Anal. Calcd for GiHaBN,OZn: C, 60.4; H, 7.8; N, 16.4. Found: C,
hydride transfer to NAD; furthermore, the formation of the ~ 90:7: H. 7.9: N 16.5:H NMR (CeDe): 1.50 [s, 3(C(Giz)3)], 2.08 [s,
oy . - X 3(CHa)], 2.73 [s, NH], 5.63 [s, 3(GNzH)], 6.71 [d,3Ju—n = 9, GeHa
alkoxide is important because it facilitates the hydride-transfer 3 ol 1
i~ ' . . . (2H)], 7.20 [d,3Js-n = 9, CsH4 (2H)], HB not observed!3C NMR
step®® Thus, zinc alkoxide species play a central role in the (CeDe): 126 [q, Yen = 128, 3CHy)], 30.7 [q, Yen = 126,
mechanism of action of LADH, with two critical issues being  3(c(cH,),)], 32.0 [s, 3C(CHs)s)], 103.2 [d, ey = 174, 3CaNH)
the kinetic and thermodynamic stability of the zinc alkoxide (1¢)], 117.0 [dXc_n = 146,CeHa (2C)], 121.5 [d e _n = 158, CeHa
with respect to (a) hydrolysis and (b) hydride transfer. In this (2C)], 136.2 [s,CéH. (para C)], 144.2 [s, &sNzH) (1C)], 158.2 [s,
paper, we have addressed specifically the issue of the thermo-CsH, (ipso C)], 163.9 [s, 3TsNH) (1C)]. IR (KBr, cnm?): 3416 (w)
dynamic stability of a zinc alkoxide species with respect to [v(N—H)], 3345 (w) [»(N—H)], 2962 (s), 2551 (w)1f(B—H)], 1609
hydrolysis. The study demonstrates that tetrahedral zinc alkox- (M), 1542 (s), 1507 (vs), 1433 (s), 1365 (s), 1342 (m), 1304 (vs), 1250
ides are very susceptible to hydrolysis, an observation that (S): 1187 (vs), 1069 (s), 1032 (m), 988 (w), 830 (s), 794 (s), 767 (s),
potentially mitigates against their viability as reactive intermedi- /32 (M), 696 (m), 6% (s), 519 (m). _
ates. Nevertheless, the investigation also reveals that the stability | Synthesis of [T*"]ZnOCH.OMe. A solution of 4-methoxy-
of the zinc alkoxide complex is very sensitive to both steric phenol (56 mg, 0.45 mmol) and [PH"9ZnH (200 mg, 0.41 mmol)

in benzene (10 mL) was heated at 120 for 2 days. The reaction

and electronic influences and thereby demonstrates that the,i. i re was filtered, and the filtrate was lyophilized giving F¥pe]-

active site environment most likely plays an important role in - z,0cH,0Me as a white solid (206 mg, 82%). Anal. Calcd Rl
promoting the formation of a zinc alkoxide species. For example, BN,O,Zn: C, 60.8; H, 7.7: N, 13.7. Found: C, 60.7; H, 7.7: N 13.1.
hydrogen bonding may provide a mechanism for stabilizing zinc *H NMR (CeéDs): 1.49 [s, 3(C(Gl3)3)], 2.08 [s, 3(CGHs)], 3.58, [s,
alkoxide species, as illustrated by recent studies which suggest{OCHs)], 5.63 [s, 3(GNzH)], 7.10 [d,3Js-n = 9, GsH4 (2H)], 7.28 [d,
that the benzyl alkoxide ligand forms a hydrogen bond with 3Js-+ =9, GsHa (2H)], HB not observed™*C NMR (CsDe): 12.6 [q,
the hydroxyl group of Ser48 in horse liver alcohol dehydroge- Je-+ = 128, 3CH3)], 30.7 [g, Jc-w = 126, 3(CCHa)3)], 32.0 [s,
nase’.25 3(C(CHa)3)], 55.6 [q, Wc— = 142, OCH3], 103.2 [d, ey = 171,

1 — 2 =
Finally, it is important to emphasize that the tendency to form 3(CaNzH) (1C)], 115.0 [dd; e = 156, -1 = 6, CefHla (2C)], 121.5

1 = 2 =
alkoxide compounds by alcoholysis reactions doesalways [1d5d1’_oJEhH3(5poér;cé;], 1569(zie[}:lsdce(li4(:2|]pslc?1 4(1:)2] EG%BI[\ISZH;QEI{ISIL])

(1C)]. IR (KBr, cnmY): 2961 (s), 2829 (w), 2554 (wy[B—H)], 1542

(s), 1503 (vs), 1464 (s), 1436 (s), 1385 (m), 1366 (s), 1343 (m), 1302
(s), 1263 (s), 1231 (vs), 1186 (vs), 1126 (w), 1097 (w), 1068 (s), 1033
(m), 985 (w), 857 (w), 827 (s), 789 (s), 765 (vs), 732 (w), 680 (w),
646 (s), 521 (w).

follow the trends described in this paper (i.e.,/ AMe > Et >

Pr > BuY). For example, quantitative measurements of equilibria
involving (dipic)VO(ORY® and ROH indicate that the alkoxides
that preferentially bind to vanadium follow the opposite
sequence, namely, Ber Pr > Et > p-CICgH,, an observation

that has been rationalized in terms of the trend being dictated Synthesis of [TF*"M¢]ZnOC¢H4Bu'". A solution of 4tert-butylphe-

by thesr-donor capabilities of the ligandéThe clear distinction

(23) Kitajima, N.; Tolman, W. BProg. Inorg. Chem1995 43, 419-
531.

(24) In support of this statement, the ionization potential of the frag-
ment{ [TpB"Me]Zn} is calculated to be 20.0 kcal mdllower than that for
{[TplZn}.

(25) Ramaswamy, S.; Park, D.-H.; Plapp, B.Biochemistry1999 38,
13951-13959.

(26) dipicH, = pyridine-2,6-dicarboxylic acid.

(27) Thorn, D. L.; Harlow, R. L.; Herron, Ninorg. Chem.1996 35,
547—-548.

nol (21 mg, 0.14 mmol) and [B{¥M]ZznH (70 mg, 0.14 mmol) in
benzene (3.5 mL) was heated at T2Dfor 3 days and then lyophilized
to give [TPYMe]ZnOCH,BUt as a white solid (57 mg, 73%). Anal.

(28) (a) McNally, J. P.; Leong, V. S.; Cooper, N. J. Experimental
Organometallic ChemistryWayda, A. L., Darensbourg, M. Y., Eds.;
American Chemical Society: Washington, DC, 1987; Chapter 2,336
(b) Burger, B. J.; Bercaw, J. E. EExperimental Organometallic Chemistry
Wayda, A. L., Darensbourg, M. Y., Eds.; American Chemical Society:
Washington, DC, 1987; Chapter 4, pp-738. (c) Shriver, D. F.; Drezdzon,
M. A. The Manipulation of Air-Sensite Compounds2nd ed.; Wiley-
Interscience: New York, 1986.



Thermodynamics of Zinc Alkoxide Formation

Calcd for G4HssBNsOZn: C, 64.0; H, 8.4; N, 13.2. Found: C, 64.1;

H, 8.6; N 12.6.2H NMR (CsDe): 1.45 [s, (GH4)C(CHs)4], 1.50 [s,
3(C(CH3)3)], 2.08 [s, 3(CH3)], 5.63 [s, 3(GN2H)], 7.33 [d,3u-n = 9,
CsHas (2H)], 7.50 [d,3Ju-n = 9, GsH4 (2H)], HB not observed3C
NMR (CGDG): 12.6 [q,lchH =128, SCH3)], 30.7 [q,lchH = 124,
3(C(CHa)3)], 32.0 [s, 3C(CHs)3)], 32.2 [q, Ne-n = 122, (GH4)C-
(CHa)g], 34.0 [s, (GH4)C(CHy)s ], 103.2 [d, YJe-n = 171, 3CsN2H)
(1C)], 120.9 [dd e = 155,2]c-1 = 5, CeHa4 (2C)], 126.0 [dd e+
= 152,2)c_y = 8, CsH4 (2C)], 137.5 [s,CsH4 (para C)], 144.2 [s,
3(C3NzH) (1C)], 162.7 [s,CsH4 (ipso C)], 163.9 [s, 3LsN,H) (1C)].
IR (KBr, cm™): 2922 (vs), 2855 (vs), 2547 (wy(B—H)], 1605 (m),

J. Am. Chem. Soc., Vol. 122, No. 51, 29657

0.20 mmol) in benzene (5 mL) was heated at 2@0for 2 days and
then lyophilized to give [TP*M]ZnOCsH,CO,Me as a white solid (79
mg, 62%). Anal. Calcd for EH47BNgOsZn: C, 60.1; H, 7.4; N, 13.1.
Found: C, 60.3; H, 7.2; N 13.3H NMR (C¢Dg): 1.40 [s, 3(C(El3)s)],
2.06 [s, 3(¢a)], 3.64 [s, OCH3], 5.61 [s, 3(GNzH)], 7.29 [d,3Jy-n =
9, GHg4 (2H)], 8.51 [d,3Ju—n = 9, GsH4 (2H)], HB not observed!3C
NMR (CeDe): 12.6 [, Nc-n = 128, 3CH5)], 30.6 [q, Nc-n = 126,
3(C(CHz)3)], 31.9 [s, 3C(CHs)a)], 51.0 [g, e-n = 146, CQCHy],
103.3 [d,"c-n = 174, 3CsN2H) (1C)], 118.1 [sCeH4 (para C)], 121.3
[dd, 1-]C7H = 157,2‘]04-{ = 4, C6H4 (ZC)], 132.2 [dd,l\](;fH = 159,
ZchH = 7, CeH4 (ZC)], 1445 [S, 3C3N2H) (1C)], 163.9 [S, 3C3N2H)

1542 (m), 1511 (s), 1465 (s), 1365 (s), 1340 (w), 1315 (s), 1263 (W), (1C)], 167.6 [s,CeHa (ipso C)], 169.9 [sCO,CH]. IR (KBr, cm1):
1248 (w), 1187 (s), 1107 (w), 1068 (s), 1028 (m), 988 (w), 878 (W), 2965 (s), 2871 (m), 2560 (Wy({B—H)], 1712 (s) (CO)], 1597 (vs),
811 (w), 858 (W), 829 (m), 811 (m), 792 (m), 767 (m), 730 (W), 694 1544 (s), 1513 (s), 1476 (m), 1433 (s), 1366 (m), 1331 (vs), 1276 (vs),

(w), 681 (w), 646 (w), 551 (w), 521 (w).
Synthesis of [TP"Me]ZnOC ¢H,Me. p-Cresol was purified before

1189 (s), 1159 (s), 1111 (m), 1096 (m), 1068 (m), 1030 (w), 988 (w),
852 (w), 796 (w), 772 (m), 705 (w), 680 (w), 655 (w), 520 (w), 455

use by storing a solution in benzene over molecular sieves for 2 days, (W).

followed by filtration and removal of the solvent in vacuo. A solution

of p-cresol (52 mg, 0.48 mmol) and [FM€]ZnH (200 mg, 0.41 mmol)
in benzene (10 mL) was heated at 12D for 1.5 days. The reaction

Synthesis of [TPY"M€]ZnOC ¢H,COMe. A solution of 4-hydroxy-
acetophenone (61 mg, 0.45 mmol) and §¥]znH (200 mg, 0.41
mmol) in benzene (10 mL) was heated at 1720 for 2 days. The

mixture was filtered, and the filtrate was lyophilized to give
[TpBUMe]ZnOCsHsMe as a white solid (149 mg, 61%). Anal. Calcd
for Cs1H4BNsOZn: C, 62.5; H, 7.9; N, 14.1. Found: C, 62.2; H, 7.9;

reaction mixture was filtered, and the filtrate was lyophilized to give
[TpBYMe]ZnOCsH,COMe as a white solid (182 mg, 71%). Anal. Calcd
for CsoH47BNgO2Zn: C, 61.6; H, 7.6; N, 13.5. Found: C, 61.7; H, 7.8;

N 15.0.2H NMR (CsDg): 1.49 [s, 3(C(El3)3)], 2.08 [s, 3(CH3)], 2.40
[s, (CeH4)CHg), 5.63 [s, 3(GN2H)], 7.29 [m, GH4], HB not observed.
13C NMR (CoDe): 12.6 [q, Xe-n = 128, 3CH3)], 20.9 [q, Yon =
125, (GH4)CHa, 30.7 [0, Ye-n = 126, 3(CCHa)s)], 32.0 [s,
3(C(CHs)3)], 103.2 [d, Jc_n = 174, 3CsN2H) (1C)], 121.4 [d, -
= 154, C¢H4 (2C)], 123.8 [s,CeHs (para C)], 129.9 [dic1 = 152,
CeH4 (2C)], 144.3 [S, %3N2H) (lC)], 162.9 [S,C5H4 (IpSO C)], 164.0
[s, 3CsNzH) (1C)]. IR (KBr, cnl): 2963 (s), 2553, (w)if(B—H)],

N 13.0.2H NMR (CsDe): 1.42 [s, 3(C(®13)3)], 2.06 [s, 3(EG3)], 2.37
[s, COCHg), 5.61 [s, 3(GNoH)], 7.24 [d, 33— = 9, GeHa (2H)], 8.22
[d, 33— = 9, GH4 (2H)], HB not observed!*C NMR (Cs¢Dg): 12.6
[g, ¥e-n = 128, 3CH3)], 25.9 [q, We-n = 126, CACH3), 30.6 [q,
Je_n = 126, 3(CCH1)3)], 31.9 [s, 3C(CHa)3)], 103.3 [d,2Jc—n = 174,
3(CaN2H) (1C)], 121.1 [dd ey = 157,2Jc—1 = 4, CeHa (2C)], 126.8
[S, CeH4 (para C)], 131.2 [dd:,l'\]cfH = 156,2Jc-n = 7, CgH4 (ZC)],
144.6 [s, 3CaNzH) (1C)], 163.9 [s, 3CsNzH) (1C)], 170.0 [s,CeHa

1609 (s), 1544 (s), 1509 (vs), 1477 (s), 1434 (s), 1366 (s), 1341 (m), (ipso C)], 195.0 [SCOCH;]. IR (KBr, cm™1): 2960 (s), 2553 (w)1f-
1305 (vs), 1246 (m), 1188 (vs), 1128 (w), 1103 (w), 1068 (s), 1030 (BH)], 1668 (s) (CO)], 1587 (vs), 1544 (s), 1515 (s), 1466 (m), 1424
(m), 987 (w), 869 (w), 824 (s), 789 (s), 769 (s), 680 (W), 648 (M), 517 (s), 1336 (vs), 1274 (vs), 1188 (vs), 1163 (s), 1067 (s), 1031 (m), 952

(m).
Synthesis of [TP"“Me]ZnOC¢Hs. A solution of phenol (31 mg, 0.33

mmol) and [TF¥Me]ZnH (150 mg, 0.31 mmol) in benzene (5 mL) was

(w), 873 (m), 838 (s), 795 (s), 767 (S), 719 (W), 679 (W), 650 (M), 586
(s), 521 ().
Synthesis of [TPYMe]ZnOCsH4NO,. A solution of 4-nitrophenol

heated at 120C for 1.5 days. The reaction mixture was filtered, and (64 mg, 0.46 mmol) and [T§"M€]ZnH (200 mg, 0.41 mmol) in benzene

the filtrate was lyophilized to give [T§"M€]ZnOCsHs as a white solid
(95 mg, 53%). Anal. Calcd for 48H4sBNgOZn: C, 61.9; H, 7.8; N,
14.4. Found: C, 62.2; H, 7.8; N 14.2H NMR (CeDe): 1.47 [s,
3(C(CHa)3)], 2.07 [s, 3(QGHs)], 5.62 [s, 3(GN2H)], 6.95 [it,3Jy-n = 7,
434-n = 1, GsHs (1H)], 7.37 [m, GHs (2H)], 7.48 [m, GHs (2H)], HB
not observed:C NMR (CsDs): 12.6 [q,%Jc-n = 128, 3CH3)], 30.7
[0, Ne-n = 126, 3(CCHa)3)], 32.0 [s, 3C(CHy)3)], 103.2 [d, " Jo-n =
171, 3CsN2H) (1C)], 115.8 [d,"Jc-n = 158, C¢H4 (para C)], 121.8
[dt, lchH = 152,2\](;44 = 7, C5H5 (ZC)], 129.4 [dd,l\]cfH = 155,2\]C—H
=9, CgH4 (2C)], 144.3 [s, 3CsN,H) (1C)], 164.0 [s, 3CsN2H) (1C)],
165.2 [s,CeH4 (ipso C)]. IR (KBr, cntl): 2968 (s), 2551 (w)i(B—

(5 mL) was heated at 12¢C for 1 day. The reaction mixture was
filtered, and the filtrate was lyophilized to give [TpM€]ZnOCeH,-
NO; as a yellow solid (149 mg, 58%). Anal. Calcd foggH44BN7Os-
Zn: C, 57.5; H, 7.1; N, 15.6. Found: C, 57.8; H, 6.9; N, 15H.
NMR (CgDg): 1.35[s, 3(C(®l3)s)], 2.06 [s, 3(CH3)], 5.61 [s, 3(GN-H)],
7.02 [d,334-n = 9, GH4 (2H)], 8.41 [d,3I4-n = 9, GeH4 (2H)], HB
not observed**C NMR (CsDs): 12.6 [q,%Jc—n = 128, 3CH3)], 30.5
[A, Yo-n = 126, 3(CCHa)q)], 31.9 [s, 3C(CH)3)], 103.4 [d, "I+ =
174, 3C3N2H) (1C)], 120.8 [ddXJc-w = 160,2)c-+ = 5, CeHa (2C)],
126.5 [dd,lchH = 162,2\JC7H = 5, C6H4 (ZC)], 138.2 [S,CGH4 (para
C)], 144.8 [s, 3CaN2H) (1C)], 163.8 [s, 3CsN2H) (1C)], 171.4 [sCeHa

H)], 1590 (s), 1544 (s), 1495 (vs), 1435 (s), 1365 (s), 1343 (m), 1303 (ipso C)]. IR (KBr, cntl): 2965 (s), 2555 (w)f(BH)], 1585 (vs),
(vs), 1246 (m), 1188 (vs), 1069 (s), 1030 (m), 995 (w), 859 (m), 790 1543 (s), 1503 (vs), 1428 (s), 1366 (s), 1320 (vs), 1247 (m), 1187 (s),

(s), 768 (s), 757 (s), 695 (m), 648 (m), 520 (w).
Synthesis of [TP"Me]ZnOC¢H.l. A solution of 4-iodophenol (74
mg, 0.34 mmol) and [TH"Me]znH (100 mg, 0.20 mmol) in benzene

(10 mL) was heated at 12Q for 1.5 days. The reaction mixture was

filtered, and the filtrate was lyophilized to give [TpM€]ZnOCsH,l as
a white solid (90 mg, 64%). Anal. Calcd forg#1BINcOZn: C, 50.9;
H, 6.3; N, 11.9. Found: C, 50.8; H, 6.2; N 114 NMR (C¢De):
1.40 [s, 3(C(®l3)3)], 2.06 [s, 3(CG3)], 5.61 [s, 3(GN-H)], 7.03 [d,
3\]H7H =9, GHy (2H)], 7.70 [d,3JH7H =9, GHa (ZH)], HB not
observed3C NMR (CsDg): 12.6 [g,%Jc-n = 128, 3CHS3)], 30.6 [q,
e-n = 126, 3(CCH3)3)], 31.9 [s, 3C(CHa)3)], 76.2 [s, CeHa4 (para
C)], 103.3 [d,%Jc-n = 174, 3CsN2H) (1C)], 124.4 [ddNc-n = 162,
2Jc-n =5, CsH4 (2C)], 138.2 [dd 1 c—p = 161,2Jc-n = 7, CeH4 (2C)],
144.4 [s, 3C3NzH) (1C)], 163.9 [s, 3CsN.H) (1C)], 164.9 [s, GH4
(ipso C)]. IR (KBr, cntl): 2961 (s), 2557 (w)1(B—H)], 1576 (s),

1111 (s), 1069 (s), 1032 (m), 989 (w), 872 (m), 848 (m), 793 (s), 768
(s), 681 (m), 667 (s), 649 (m), 523 (w).

Measurement of the Equilibrium Constant for Alcoholysis of
[TpBu'Me]ZnOH with p-Cresol. A solution of [TF"Me]ZnOCsH,Me
(9.3 mg, 0.016 mmol) in THRs (600 uL) was treated with 12 bl
portions of a solution of BO in THF-dg (6.37 M). After each addition,
the solution was allowed to equilibrate for at least 5 min and the
concentration ratio of [TH"M€]ZnOCsHMe/[TpB"Me]ZnOH was de-
termined by*H NMR spectroscopy. The equilibrium constafy e
= [{[TpB"Me|ZnOCsH4Me} J[H 201/[{ [TpBYMe]ZnOH} ][ p-XCeH4OH]
was obtained by computer fitting of the data. The experiment was
repeated three times, and an average value of the equilibrium constant
was obtained.

Measurement of the Equilibrium Constant for Alcohol Exchange
of [TpB"Me]ZnOC¢HsMe with ArOH. A solution was prepared of

1541 (s), 1485 (vs), 1433 (s), 1384 (m), 1365 (s), 1342 (m), 1307 (vS), ~10 mg of [TF“M]ZnOCsH4X, (X = OMe, Bu, H, I, CO,Me, COMe,
1246 (m), 1186 (vs), 1068 (s), 1032 (m), 986 (w), 857 (m), 825 (s), NO,) and p-cresol (~2 mg) in GDe. The concentration ratios of

787 (s), 766 (s), 680 (W), 645 (s), 521 (w).
Synthesis of [TPY"Me]ZnOCsH,CO,Me. A solution of 4-hy-
droxymethylbenzoate (31 mg, 0.20 mmol) and §¥¥]znH (100 mg,

[TpBYMe)ZNOCeHMe/[TpBHMe)ZnOCeH X and HOGHX/HOCsHMe
were obtained byH NMR spectroscopy. The relative concentrations
were varied, and six to eight independent measurements were made
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Table 5. Crystal, Intensity Collection, and Refinement Data

Bergquist et al.

[TpBUMeE|ZNOCH4C(O)Me

[T[f“"Me]ZnOQH4NOZ-CeH5

[TpBYMe|ZNOCeHNH,

[TpBU“Me]ZNOCsH,But

lattice monoclinic monoclinic monoclinic monoclinic
formula GoH47BNgO2ZnNn CagHs50BN,OsZNn CsoH46BN7OZn CGa4Hs53BNeOZn
formula wt 623.94 705.01 596.92 638.00
space group P2:/c (No. 14) P2 (No. 4) P2:/n (No. 14) P2:/c (No. 14)
alA 11.0272(7) 11.912(6) 21.9967(12) 21.9346(11)
b/A 14.7628(9) 11.194(5) 15.4016(7) 18.9262(9)
c/A 22.756(2) 14.893(7) 22.1563(11) 18.4830(9)
o/deg 90 90 90 90

pldeg 114.180(1) 106.766(8) 119.396(1) 107.275(1)
yldeg 90 90 90 0

VIA3 3379.4(4) 1901(1) 6539.8(6) 7326.9(6)

z 4 2 8 8

temp/K 213 233 223 203

u (Mo Ka)/mm? 0.763 0.689 0.784 0.703

no. of data 7547 8231 15117 16595

no. of params 396 435 770 814

R; 0.0346 0.0484 0.0555 0.0651

WRy 0.0844 0.1110 0.1059 0.1149

for each substituent to give an average value for the equilibrium derivative from a hydroxide complex is influenced by the nature

constantKexeh = [{[TpBYMe]ZNOCsHsMe} ][ p-XCeH4OH]/[{ [TpBY Me]-
ZnOGH4X} ][ p-MeCsH4OH]. The equilibrium constants for the reaction
between [TE"M€]ZnOH and p-XCgHsOH were determined by the
expressio,-x = Kp-me/Kexcn AH values for the reactions of [PVe]-
ZnOH with XCGsH4OH are estimated from the experimentdd values
using the assumption thAiS~ 0, an approximation that was confirmed
for the reaction of [TP“Me]ZnOH with MeGH4OH (AH = —1.3(1)
kcal mol?t, AS = —0.3(2) eu over the range 25@30 K). The
enthalpies for X= OMe, BU, Me, H, I, CQMe, and C(O)Me have

of the alcohol and ligands attached to zinc. Thus, zinc alkoxide
formation is favored electronically by incorporation of electron-

withdrawing substituents in the alcohol but is disfavored
sterically for bulky alcohols. Furthermore, alkoxide formation

is more favored for [Tp]ZnOR derivatives than for their

[TpBYMe]ZNOR counterparts. These trends are a result of
homolytic Zn—OR BDEs being more sensitive to the nature of

R than are the corresponding—#DR bond energies. Thus,

also been determined by titration calorimetry. These values are in electron-withdrawing substituents increase -Z0AR bond
reasonable agreement with those determined by the equilibrium studies,energies to a greater extent thar-8Ar bond energies, while

but are~1—4 kcal mof* more exothermic. However, the calorimetry

bulky substituents decrease ZOR bond energies to a greater

values were not averaged over many experiments and so are consideregytent than H-OR bond energies. The trends reported for this

to be less reliable than those obtained by the equilibrium study.
X-ray Structure Determinations. X-ray diffraction data for [Tp"Me]-

ZnOGsH4X (X = Bu', C(O)Me, NH, NO,) were collected on a Bruker

P4 diffractometer equipped with a SMART CCD detector. Crystal data,

data collection, and refinement parameters are summarized in Table 5

zinc system are of relevance to the tetrahedral zinc alkoxide
intermediate in the catalytic cycle of liver alcohol dehydrogerase
such information is of importance since other systems, e.g.,
(dipic)VO(OR)?#’ exhibit a trend opposite to that reported here.

The structures were solved using direct methods and standard differencé/Vith the exception of derivatives of acidic alcohols (e.g.,
map techniques and were refined by full-matrix least-squares procedurednitrophenol), the zinc alkoxide complexes RJZnOR are very

on F2 with SHELXTL (Version 5.03%° Hydrogen atoms on carbon

were included in calculated positions.

Computational Details. All calculations were performed using

unstable toward hydrolysis. This hydrolytic instability of simple

zinc alkoxide complexes suggests that the active site environ-

ment of LADH plays an important role in stabilizing the

Jaguar. Initial geometries were obtained from crystal structures where g|koxide intermediate, possibly via hydrogen-bonding interac-
available, and in other cases, the desired molecule was built throughtions_ Future studies are intended to investigate the influence

modification of the coordmat_es_ of a similar compound with known of substituents on another step of the catalytic cycle, namely,
structure. DFT geometry optimizations were performed on all com- . .
hydride transfer from the alkoxide.

plexes at the B3LYP level using the LACVP** basis set. Single-point
energies were calculated for the optimized structures at the B3LYP . .
level using the tripl€ basis set CC-PVTZ (-f) for all elements except Acknowledgment. We thank the National Institutes of
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