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Abstract: In this paper we show the utility dH/23C/2°Si triple resonance, 3D, and pulse field gradient (PFG)
NMR techniques for characterizing organosilicon based polymers. The dendrimers studied are first generation
Si(CH,CH,SiHMe;)4 and second generation Si[@EH,SiMe(CH.CH,SiHMe,), 14 polycarbosilanes. The signals

from one-bond and two-bond connectivities améHgatoms coupled to bothC and?°Si at natural abundance

have been selectively detected. The spectral dispersion and the atomic connectivity information present in the
3D NMR spectra provide resonance assignments and a definitive structure proof.

Introduction polymers, molecular weight or size standard precursors to star-
. branched polymers, as well as novel building blocks for
Over the past few years, macromolecules k_nown as d‘?nd“m'nanotechnology. As a result, there is a growing need for
ers have attracted great |nter§e§tarbgrst dendrimers are highly  jmproved spectroscopic methods to characterize their structures.
ordered, hyper-branched, oligomeric and polymeric molecules A nymber of polycarbosilane dendrimers have been reported,
formed by multiplicative growth from a central core containing gnq several reviews have been published on this fopic.
an increasing number of functional groups. They have three rgpetitive alkenylation and hydrosilation cycle has been devel-
major architectural components: an initiator core, an interior, oped for the high-yield divergent synthesis of two- and three-

and an exterior. These three com_ponents_ are interdepend«_ent an@arbon bridged carbosilane dendrimers up to the fifth gener-
control the size, shape, and chemical environment of dendrimers.aion3-5 To generate a dendrimer with maximum symmetry

The well-defined structures of dendrimers can provide new and oy the g-isomer of hydrosilation is desired. The presence of

unique physical and chemical properties such as low intrinsic {he -jsomer and missing arms due to incomplete hydrosilation
viscosity, high solubility and miscibility, and high reactivity. o gjkenylation are the expected imperfections in a carbosilane
These molecules provide new models for basic and theoretical yengrimer.

studies, and they are able to lea(,j to new applications which (2) (a) Mathias, L. J.; Carothers, T. W. lAdvances in Dendritic
have been explored or developed including nanoscale catalystgviacromoleculesNewkome, G. R., Ed.; JAI: Greenwich, Connecticut, 1995;
and reaction vessels, micelle mimics, magnetic resonanceVol. 2, Chapter 4. (b) Cuadrado, |.; MaraM.; Losada, J.; Casado, C. M.;

; ; ar i~~1Pasual, C.; Alonso, B.; Lobete, F. Atdvances in Dendritic Macromoleculgs
imaging agents, drug and gene delivering agents, ChemlcalNewkome, G. R., Ed.; JAI: Greenwich, Connecticut, 1995; Vol. 3, Ch. 4.

sensors, information-processing materials, high performance ¢y gudat, D.Angew. Chem., Int. Ed. Engl997, 36, 1951.

(3) van der Made, A. W.; van Leeuwen, P. W. N. . Chem. Soc.,
(1) () van der Made, A. W.; van Leeuwen, P. W. N. M.; de Wilde, J. Chem. Commuri992 1400.

C.; Brands, R. A. CAdv. Mater.1993 5, 466. (b) Dagani, RChem. Eng. (4) (a) Zhou, L.-L.; Roovers, Macromoleculed993 26, 963. (b) Zhou,
News1996 74, 20. (c) Service, R. FSciencel995 267, 458-459. (d) L.-L.; Toporowski, P. M.; Roovers, J.; Hadjichristidis, Rubber Chem.
Newkome, G. R.; Morefield, C. N.; \ile, F.Dendritic MoleculesVCH: Technol.1992 65, 303. (c) Roovers, J.; Toporowski, P. M.; Zhou, L.-L.
New York, 1996. Polym. Prepr. (Am. Chem. Soc.,:DiPolym. Chem.1992 33(1), 182.
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NMR has been a powerful tool for the structural analysis of
macromolecules. 10H and 13C NMR have been used in

Chai et al.

99.95% of molecules. It is an extremely challenging experiment;
however, modern instrumentation and a stable instrument

combination with other techniques such as elemental analysisenvironment make the experiment feasible. In this paper, a

and MS for characterizing the structures of dendrinfet®
NMR of other nuclei has also been utilized for studying
structures of dendrimers which contain atoms sucksB,
295i, and®!P nuclei’ The conformatiof and shaptof den-
drimers, site-specifically labeled with NMR-active stable iso-

description of the technique is provided, and we apply it to the
characterization of carbosilane dendrimeks(Si[CH,CH,-
SiHMe;]4), and?2 (Si[CH,CH,SiMe(CH,CH,SiHMe&,);]4.) The
information obtained from the 3D NMR allows the complete
assignments of the resonances from both dendrimers.

topes, have been studied by rotational-echo double resonance

(REDOR) solid-state NMR techniqué8.To date, mainly 1D

NMR techniques have been applied to dendrimer structure

Experimental Section

General Comments.Unless otherwise specified, all of the reactions

studies. The 1D NMR spectra of carbosilane dendrimers, which and manipulations were carried out using standard anaerobic tech-

were first reported in 1992 are usually complicated because

niquest* All of the solvents were purified and dried by standard

of the similar chemical environments of the three components procedures prior to usedddition of reaction mixtures that contain
of dendrimer structure. The characterization often requires LiAlH4 to aqueous acid must be done slowly and with caution.

combinations of several techniques. Multidimensional NMR

Materials. The Karstedt catalyst (platinum(0)-1,3-divinyl-1,1,3,3-

techniques, especially inversely detected 3D heteronuclear shifttétramethyldisiloxanéj was obtained from Gelest as a 22.4%

correlation experiments, offer the opportunity to obtain the

complete structural characterization by using NMR experiments
alone. These experiments provide much more information than

solution in xylene. Dimethylchlorosilane, methydichlorosilane, tri-
vinylmethylsilane, and tetravinylsilane were purchased from Gelest and
distilled from anhydrous N&O; (for chlorosilanes) b4 A molecular
sieves before use. Lithium aluminum hydride and vinylmagnesium

1D experiments because they disperse resonances into thregromide (Aldrich) were used as received without further purification.
dimensions, enabling the resolution of signals from many The compounds  Si(CIEH,SiMeCl); and Si(CHCH,SiMe(CH=
additional species; they provide greatly enhanced sensitivity, CH,),)s were prepared according to literature proceddfes.

enabling the detection of species which are present at very low Preparation of Si(CH.CH:SiMe;H)4 (1). A solution of Si(CH-
concentrations; and they provide correlations which indicate CHzSiMe:Cl)4 (5.14 g, 10 mmol) in 20 mL of toluene was added slowly

atomic connectivities.
IH/13C/'*N triple resonance 3D NMR techniques have been

enormously useful for characterization of biopolymers such as

proteinsi® however, the biological experiments are usually
performed in conjunction with unifor®C and°N isotopic

labeling. In polymer chemistry, when isotopic labeling is
possible, it is often very difficult and expensive. By modifying

into an ice-cooled suspension of LIAJH0.76 g, 20 mmol, 100%
excess) in 50 mL of diethyl ether. The mixture was stirred overnight
at room temperature and refluxed for 1 h. The rest of the procedure
was conducted in air. The mixture was filtered through Celite, and the
filtrate was addedtautiouslyto 80 mL of ice-coold 2 N HCI. The
aqueous layer was extracted twice with diethyl ether, and the organic
layer was washed twice with water and once with saturated aqueous
NaCl. The organic layer was dried over anhydrous Mg8®D a few

the 3D pulse sequence used for biopolymers, triple resonancehours and filtered through a pad of silica gel. Removal of volatiles at
3D NMR techniques have been adapted for studying the reduced pressure left 2.63 g (70%)Ibés a clear colorless liquid. IR

structures of polymers, which involviel —13C—19F 11 1H—15C—
31p12 and H—13C—2%Si13 spin systems. These results have

(neat)y(Si—H) 2112 cnm’; 'H NMR (CsDg) 6 4.15 (m, 4 H), 0.60 (m,
16 H), 0.08 (d, 24 H)23C NMR (CeDe) O 7.2, 4.4,—4.3; 29Si NMR

shown that 3D NMR spectroscopy can be tremendously useful (CeDs) 0 9.8 (Si), —9.5 (Si).

for characterizing polymer structures, even without isotopic
labeling. In a recent communicatiéha 3D H/13C/9Si triple

resonance NMR method combined with pulse field gradients

Preparation of Si[CH,CH,SiMe(CH,CH,SiMexCl);]s. A 50 mL
flask equipped with a reflux condenser and a magnetic stirring bar was
charged with 3.0 g (5.68 mmol) of Si(GBH,SiMe(CH=CH,).)a4, 20
mL of diethyl ether, and 6 drops of Karstedt's catalyst solution,-Me

(PF_G’) were used to unambiguogsly determine the resonancegiyci (7.55 g,79.5 mmol, 75% excess) was transferred into the flask
assignments for mm, mr/rm, rr triad stereosequences in poly- at —78 °C. The mixture was warmed to room temperature, stirred for

(1-phenyl-1-silabutane)(PPSB). TR/ 12C/ 2°Si triple reso-
nance NMR technique requires selective detection oflthe

13C—29S;i spin systems, which are present in only 0.05% of the
molecules, while suppressing the signals from the remaining

(5) (a) Seyferth, D.; Son, D. YOrganometallics1994 13, 2682. (b)
Seyferth, D.; Kugita, TOrganometallics1995 14, 5362.

(6) (a) lhre, H.; Hult A.; Soederlind, E1. Am. Chem. S0d.996 118
6388. (b) Kim, C.; Park, E.; Kang, Bull. Korean Chem. S0d.996 17-
(7), 592-595. (c) Kim, R. M.; Bernick, A. M.; Champman, K. Proc.
Natl. Acad. Sci. U.S.A1996 93(19) 10012.

(7) (a) van Genderen, M. H. P.; Baars, M. W. P. L.; Elissen-Roman, C.;
de Brabander van der Berg, E. M. M.; Meijer, E. Wolym. Mater. Sci.
Eng. 1995 73, 336. (b) Smith, B. M.; Todd, P.; Bowman, C. Rolym.
Mater. Sci. Eng.1996 75, 331. (c) Ponomarenko, S. A. Rebrov, E. A;;
Bobrovsky, A. Y.; Boiko, N. |.; Muzafarov, A. M.; Shibaev, V. Rig.
Cryst 1996 21(1), 1. (d) Catalano, V. J.; Parodi, Nhorg. Chem.1997,
36, 537.

(8) Wooley, K.; Klug, C.; Kowalewski, T.; Schaefer, Bolym. Mater.
Sci. Eng.1995 73, 230.

(9) Wooley, K.; Klug, C.; lasaki, K.; Schaefer, J. Am. Chem. Soc.
1997 119(1) 53.

(10) Cavanaugh, J.; Fairbrother, W.; Palmer, A. G., Ill; Skelton, N.
Protein NMR Spectroscopycademic Press: London, 1995.

(11) Li, L.; Rinaldi, P. L.Macromolecules996 29, 4808.

(12) Saito, T.; Medesker, R. E.; Harwood: H. J.; Rinaldi, PJLMagn.
Reson., Ser. A996 120, 125.

(13) Chai, M.; Saito, T.; Pi, Z.; Tessier, C.; Rinaldi, PNlacromolecules
1997 30, 1240.

an additional 0.5 h at room temperature, and then heated for 20 h at 50
°C. Volatiles were removed at reduced pressure to leave 7.31 g (100%)
of Si[CH,CH,SiMe(CH,CH.SiMe;Cl);] as a white oily solid*H NMR
(CéDe) 6 0.73 (m, 48 H), 0.32 (s, 48 H), 0.08 (s, 12 HJC NMR
(CeDe) 0 12.2, 5.6, 4.6, 3.5, 1.3;6.0;2°Si NMR (CsDs) 6 32.7 (Sin),
10.2 (Si), 8.9 (Sii); MS(EI): m/z289 (M — C4H11Si), 290 (M— CsH1o-
Si).

Preparation of Si[CH,CH,SiMe(CH,CH;SiMe;H),]4 (2). A solu-
tion of Si[CH,CH,SiMe(CH.CH,SiMe,Cl)2]4 (6.42 g, 5 mmol) in 20
mL of diethyl ether was added slowly into an ice-cooled suspension
of LiAIH 4 (0.76 g, 20 mmol, 100% excess) in 50 mL of diethyl ether.
The mixture was stirred overnight at room temperature and refluxed
for 1 h. The workup of the reaction was conducted in air. The mixture
was filtered through Celite, and the volatiles were removed at reduced
pressure. Pentane (50 mL) was added, followed by filtration, removal
of volatiles, and another cycle of extraction. The residual aluminum
compounds were washed away with-B0 mL of CH,CN. Caution:
exothermic/Removal of volatiles at reduced pressure left 3.78 g (75%)
of 2 as a colorless viscous liquid. Compoufdwas stored under
nitrogen or argon. IR (neat)(Si—H) 2112 cn®; *H NMR (CgDg) 0

(14) (a) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-
Sensitve Compound22nd ed.; Wiley: New York, 1986. (b) Errington, R.
J. Advanced Practical Inorganic and Metalorganic Chemistiglackie
Academic & Professional: New York, 1997.

(15) Karstedt, B. Q. U.S. Patent 3,775,452, 1973.
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4.18 (m, 8 H), 0.74 (m, 16 H), 0.63 (m, 32 H), 0.11 (d, 48 H), 0.10 (s, Scheme 1

12 H); 8C NMR (CsDg) 6 7.3, 6.2, 5.9, 3.6:-4.3, —5.8; 2°Si NMR

(CeDs) 6 10.2 (Si), 8.2 (Sii), —9.8 (Siu); MS (MALDI) [M + Ag]* |/\/5iMe2c1

m'z1115.5 (54, calcd. 1115.5) 1116.5 (61), 1117.5 (100), 1118.5 (90), SiMe(CH=CH,)] _SiMe,HCI ;

1119.4 (83) 1120.5 (42),1121.5 (25). Si[/v , ELOMt e sl[/\/s \/\SiMeza]‘
NMR Measurements. The routine 1D*C and?°Si NMR spectra

were collected at ambient temperature on a Varian VXRS 300 MHz

spectrometer. The 1D, 2D, and 3B NMR spectra were collected at LiAlH,, Et,0

30 °C on a Varian Unityplus 600 MHz NMR spectrometer equipped

with a Nalorac 5 mniH/2H/*C/X (where X is tuneable over the range

Me

of the resonance frequencies frét to 3'P) pulse field gradient probe. Me ‘

CsDs Was used as the solvent as well as the internal referencédfor | A SiMeH

and 13C chemical shifts. TMS was used as an external reference for S./\/S‘\/\SM .
1] €, 4

29Si chemical shifts.
1D NMR. The!H spectra of both dendrimers were acquired at 600
MHz using a 1.9 s acquisition time, 3% (3C¢°) pulse width and 16
e e clred L TSME pound SI(CHCHSIME(CH-CH): trough the ntermeciacy
. : : o ' of the octachloride Si(CH¥CH,SiMe(CH.CH,SiMe,Cl),)4 (Scheme
6.4 us (45) pulse width and 256 transients. THSi spectra of both 1). The hydrosilation was conducted using Karstedt's catélyst

dendrimers were acquired at 60 MHz with Waltz-16 modulatdd . . - .
decoupling using a 3.0 s acquisition time, 39H(3C°) pulse width, 15 in diethyl ether. The attempted conversion of SigCH,SiMe-

s delay and 128 transients. (CH,CH,SiMe,Cl),)4 to 2, employing an aqueous workup, gave
3D NMR. 3D NMR spectra ofL were collected witiH, 3C, and extensively cross-linked product. Presumably, the aqueous

25j 9CF pulses of 10.8, 21.0, and 12u3, respectively; a relaxation ~ workup resulted in the formation of SOH groups that reacted

delay of 1.5 sA = 1.78 ms (1/(4Jch)), T = 35.7 ms (1/(4%cs), to give Si-O—Si linkagest’ An alternative nonaqueous workup

“esi = 7 Hz) for two-bond C-Si correlation andr = 4.24 ms (1/ was developed for2 which takes advantage of its unique
(4x"Jcs), Nesi = 59 Hz) for 1-bond C-Si correlation, an acquisition  solubility properties. Extraction of the reaction mixture with
time = 0.058 s (with simultaneou$’C MPF-7 and?*Si MPF-7 hexane gave a mixture & and aluminum salts. Acetonitrile
decoupling). Four transients were averaged for each ot A6 was carefully added (exothermic) to extract the aluminum salts

increments during; and 2x 14 increments during according to the . . .
method of States et &f,a 1668.6 Hz spectral window i3, a 2706.4 frpm the VIrtuaIIy insoluble2. CompoundZ cgn b? hand!gd. n .
air for short periods but, because of its mild air-sensitivity, it

Hz spectral window irf;, and a 1432.2 Hz spectral windowfin The ;

durations and amplitudes of the gradient pulses were 3, 1, and 1 msShould be stored under argon or nitrogen.

and 0.303, 0.243, and 0.048m, respectively. The first gradient pulse Compoundd and2 were characterized by mass spectrometry.

serves as a homospoil pulse; therefore, its value relative to the othersEl mass spectrometry dfshowed two major fragments at mass

is not critical. The ratio of the areas of the second and the third gradient 289 and 290 in which it appears loss of one arnl bfs taken

pulses is determined by the ratio of thel and 2°Si resonance place. The fragments can be assigned to SKCH#SIMeH)s™

frequencies. The total experiment time was 5.5 h for the one-bond CSignd HSi(CHCH,SiMe;H)s. MALDI mass spectrometry has

correlation experiment and 5.75 h for two-bond CSi correlation peen reported to be a useful technique for the characterization

experiment. The data were zero filled to 26@56 x 256 and weighted of carbosilane dendrimet&.Although compoundlL was too

with a shifted sine bell function before Fourier transformation. olatile for MALDI mass s ectrometry. this technique was
3D NMR spectra of2 were collected with*H, 13C, and?°Si 90° voiati . P y, i Iqué w

useful for2. The monoisotopic peak for AB(* was found at

pulses of 10.7, 21.0, and 1348, respectively. Other parameters were - =
identical to those described above forTo enhance the resolution of ~ NMYZ1115.5 (calcd/z 1115.5). The isotopic distribution of peaks

the 3D NMR spectra without increasing the data set size, 48  for Ag(2)* was as expected.
spectral window was narrowed so that the stréigj signals from Si- NMR Characterization of Dendrimer 1. From the core to
(I in 1 and SI(Ill) in 2 folded into a region of the narrow spectral  the exterior of the dendrimer, silicon atoms are marked as Si-
window used for the 3D experiments where they do not overlap with (1), Si(ll), and Si(lll); the methylene groups are labeledoas
other resonances. The chemical shifts of the folded peaks are correctedCHz’ Bi-CH, and oy-CH,, By-CHy; the methyl group are
depending on the values from 1488i spectra for both dendrimers. identified as CH(I1) and CH(Ill) based on the identity of the
closest Si atom.
1D Spectra. Parts a-c of Figure 1 show the 1DH, 13C,
Preparation of Dendrimers. The divergent synthetic routes  and2°Si NMR spectra ofl. The 'TH NMR spectrum contains
for the preparation of two-carbon spacer carbosilane dendrimersthree major groups of resonances: the silicon hydride proton
include three types of reactions: hydrosilation, vinylation with peak at 4.12 ppm, the methyl resonances at ca. 0.06 ppm, and

Results and Discussion

excess vinylmagnesium bromide, and reduction ef@iwith the methylene protons at 0.58.59 ppm. The'*C spectrum
LiAIH 4. This series of steps has been used by Rodwans shows three resonances which arise from the methyl.34
Seyfertl¥ in the synthesis of other two-carbon spacer carbosilane ppm) and methylene (4.44 and 7.27 ppm) carbons.2°Hie
dendrimers. The first generation dendrimer Si¢gCH,SiMexH) 4 spectrum displays two well-resolved resonances which can be
(1) was prepared by LiAli reduction of the known chloride  assigned as Si(l) (core-silicon) at 9.39 ppm and Si(ll) (outer-
Si(CH.CH,SiMexCl)4 (eq 1). silicon) at—9.80 ppm on the basis of their relative intensities.

Because thé’Si chemical shifts are well-resolved, it is possible

SiMeCl]  LiAlH, SiMe, to obtain!H and3C resonance assignments by using multidi-
Si[/v L o Si[/v “]4 (1) g y using

(17) (a) Mathias, L. J.; Carothers, T. W. Am. Chem. Sod991 113
4043. (b) Boury, B.; Corriu, R. J. P.; Leclercq, D.; Mutin, P. H.; Planeix,

The second-generation dendrimer SigCH,SiMe(CH.CH,- J.-M.; Vioux, A. Organometallics1991, 10, 1457.
SiMeH),)4 (2) was prepared from the known octavinyl com- (18) Three examples: (a) Wu, Z.; Bienmann,Iit. J. Mass Spectrom.
lon Processed997 165/166 349. (b) Frey, H.; Lorenz, K.; Mbaupt, R.
(16) States, D. J.; Haberkorn, R. A.; Ruben, D0.Magn. Resoril982 U.; Mayer-Posner, K. Macromol. Sympl996 102, 19. (c) Krska, S. W.;

48, 286. Seyferth, D.J. Am. Chem. S0d.998 120, 3604.
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Figure 2. Diagram of the pulse sequence used to obtain'th&*C/
295 triple resonance 3D NMR correlation spectd; =y, @, = (X)a,
War (X4, (=Y)a; Pz =X, =X; D=1y, y, =y, =Y; D5 =X, =X, =X,
x; @3 is incremented during;, and @, is incremented during, to

provide a hypercomplex phase sensitive 3D data®set.
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features of this experiment are that pulses are applied to the
1H, 13C, and?Si frequencies, permitting selective detection of
the 0.05% of the molecules containing these three isotopes in a
specific bonding relationship. The experiment involves excita-
tion and detection ofH NMR magnetization producing a factor

of (yu lysi)®? = 56 (whereyy and ys; are the gyromagnetic
ratios of 'H and 2°Si, respectively) increase in signal strength
compared to experiments which involve excitation and detection
of 29Si NMR magnetization. Magnetic field gradients are applied
along thez-axis to selectively refocus magnetization frohiv
13C[29Si three-spin systems, while destroying all other magne-
tization. Because it i3H magnetization which is excited and
detected, the shorter relaxation times of tHés determine the
repetition time of the experiment rather than the longer
relaxation times of the aton?sSi.

Normally, the A delay is set on the basis of the one-bond
C—H coupling. From there, the experiment can be performed
in a number of ways to obtain different structural information.
If the T delays are set on the basis of one-boréSCcouplings
(ca. 60 Hz), then the 3D NMR spectrum will produce correla-
tions among the Six-C, anda-H atoms, identifying S+C—H
fragments. However, if the delays are set on the basis of two-
bond C-Si couplings (ca. 510 Hz), then the 3D NMR
spectrum will produce correlations among theB¢, andj-H
atoms, identifying St C—C—H fragments. Combined data from
the two experiments provides more than enough information
to identify the bonding network throughout the molecule. If
defects exist due to the fact that all of the arms do not grow to
the same length, then the atomic connectivities obtained from
the 3D NMR spectra will reach a dead end before the chain is
completed.

3D NMR Spectra of 1.Figure 3 shows plots from the 3D
NMR spectra ofl. Parts a-c of Figure 3 are from the spectrum
obtained withr delays optimized for one-bond-€Si couplings.
Figure 3a contains the projection of the entire spectrum onto
the fy/f; plane and exhibits correlations between Si and
protons. Si has only a-methylene protons (cross-peak A);
however, Sj has botho-methylene (cross-peak B) andmethyl
(cross-peak C) protons. Note that to minimize the size of the
3D NMR data set, the spectral window in thelimension was
narrowed so that the resonances fromf8Id into the spectrum
from —9.80 ppm. Figure 3b and c contaifigfz planes from
the 3D NMR spectrum & positions corresponding to tReéSi
shifts of Sj (9.39 ppm) and %i(—9.80 ppm), showing €H
correlations from the CKl groups bound to Hiand Si,
respectively. Cross-peak A in Figure 3b is attributedtGHy;
cross-peaks B and C in Figure 3c are attribute@-toH,, and
CHjs groups, respectively.

Parts &-f of Figures 3 are from the 3D NMR spectrum bf
obtained withr delays optimized for two-bond-€Si couplings
(assuming 7 Hz). Figure 3d contains the projection of the entire
spectrum onto th&/f3 plane and exhibits correlations between
H and Si. Three cross-peaks, A, B, and C, are present from

mensional NMR experiments which disperse signals based oncorrelations between Si and H in-SC—H structure fragments.

the 2°Si chemical shifts. With the exception of the and
p-methylene resonances, the 1D spectrd ain be assigned

Additionally, cross-peaks 'AB', and C are present, resulting
from correlations between Si and H in-8C—C—H structure

by inspection. However, this structure serves as a good fragments. This latter group of peaks are expected since the

illustration of the use of 3D NMR techniques for structural

3D NMR experiment was performed with delays optimized for

assignment, and the interpretation of the spectrum provides atwo-bond C-Si couplings. The former group of peaks are

definitive structure proof.

3D-NMR Pulse SequenceFigure 2 shows the pulse se-
guence used for thi#d/13C2°Si 3D correlation experiment. The

residual correlations from one-bond-Si couplings which are
not entirely removed from the spectrum with the sequence used.
Although there are methods to effectively eliminate these peaks,

theory explaining the operation of this sequence has beenthe 3D spectral dispersion is adequate so that their presence

described using théH/13CRP spin system? The important

does not interfere with the interpretation of the data.
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* The 2?Si resonance is folded from the § = -9.80 ppm (see experimental)

Figure 3. H/*3C°Si 3D NMR spectra of first generation dendrinier (a) 3Dfif; projection of the one-bond-€Si *H/*3C/2°Si 3D NMR spectrum;
(b—c) f.f5 slices at different®Si chemical shifts from the one-bond-Gi 'H/*3C/2°Si 3D NMR spectrum: (bj.f; slice atdzs; = 9.39 and (c).fs

slice atdzsi = —9.80; (d) 3Df:f; projection of the multiple-bond €Si *H/*3C/°Si 3D NMR spectrum; (ef) f.f; slices at different®Si chemical
shifts from the two-bond €Si *H/*3C/2°Si 3D NMR spectrum; (ej.fs slice atdzs; = 9.39 and (f)f,f; slice atd»s; = —9.80.

Table 1. Chemical Shifts Assignment fdr and 2

first generation dendrimed)

second generation of dendrim@) (

029; Oy O13¢ O29g; Oy 013
0.|-CH2 0.59 (1|-CH2 0.73 (1|-CH2 3.59
o-CH, 4.44 Si(l) 9.95 Ai-CH, 0.70 pfi-CH, 6.28
SI(') 9.39 ﬂrCHz 0.53 (1||-CH2 0.64 (1||-CH2 5.99
pi-CH, 7.27 Si(ll) 7.99 Pu-CH, 0.59 Pu-CH, 7.41
Si(ll) —9.80 CHy(1) 0.06 CHy(l) 0.06 CHy(l) —5.89
CHy(l) —4.34 Si(lll) —9.83 CHy(I) 0.11 CHy(ll) —4.33
H-Si4.12 H-Si4.12

Figures 3e and 3f contaify/f; planes from the 3D NMR

NMR Characterization of Dendrimer 2. 1D NMR Spectra.
Figure 4 shows the 1BH, 13C, and?°Si NMR spectra of2.
These spectra are all considerably more complex when com-
from the CH, groups two bonds from Sand Sj;, respectively. pared with the spectra df ThelH spectrum (Figure 4a) exhibits
Note that the A/Apair of peaks and the B/Bair of peaks are  three major groups of resonances: the silicon hydride proton
clearly resolved in the 3D NMR planes, even though these peaksat 4.12 ppm, the methylene protons between 0.5 and 0.75 ppm,
in Figure 3d are not resolved in the equivalent of a 2D NMR and two methyl protons between 0.06 and 0.20 ppm. In this
spectrum. Cross-peak An Figure 3e is from thg-methylene spectrum it is not possible to resolve and assignah€H,,
which is two bonds from i This cross-peak corresponds to  f3-CHg, oy-CHp, andp)-CH; from the 1D spectrum. From the
cross-peak B in Figure 3c, which also identifies it as the relative intensities of the methyl resonances, it is possible to
methylene directly bound to §iCross-peak Bin Figure 3f is assign CH(Il) and CHg(lll) proton resonances to the signals at
from thea-methylene which is two bonds from;SiThis cross- 0.06 and 0.11 ppm, respectively. TH& spectrum contains six
peak also corresponds to cross-peak A in Figure 3b, which alsoresonances from the six nonequivalent carbor idowever,
identifies it as the methylene directly bound to.Sihese the 1D spectrum does not contain enough information for their
resonance assignments together with exact chemical shifts areassignment. Th&Si spectrum contains three resonances which
summarized in Table 1. correspond to Si(l), Si(ll), and Si(lll) at 9.95 ppm, 7.99 ppm,

spectrum af; positions corresponding to tH#€Si shifts of Sj
(9.39 ppm) and i (—9.80 ppm), showing €H correlations
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3D NMR Spectra of 2. Figure 5 shows plots from the 3D
a NMR spectra oR, with the corresponding regions from the 1D
1H, 13C, and?°Si spectra plotted along the horizontal and vertical

axes. One set of plots (Figure 5d) is from the spectrum
obtained with  delays optimized for one-bond3C—2°Sj
A couplings, and the second set of plots (Figure-Beis from
S —— the spectrum obtained with delays optimized for two-bond
L5 s 2.5 1.5 0.5 ppm 13C—295ij couplings. Théf3 projections from both the one-bond
(Figure 5a) and multiple-bond (Figure 5e) spectra give well-

resolved peaks for all of thtH—2%Si correlations. Parts-hd
b of Figure 5 showff; slices {H/*3C correlations) from the 3D

IH/13C/29Si spectrum at the thre€Si chemical shifts oR: Si

at 9.95 ppm, Siat 7.99 ppm, and @i at —9.83 ppm. Thdf;

slice atdzs; = 9.95 (Figure 5b), which is attributed to groups
bound to Si shows only one cross-peak (A) which arises from
T ——————— the'H—13C correlation of the foury-CHy's. In the slice abzsg;
141210 8 6 4 2 -0 -2 -4 -6 ppm = 7.99 (Figure 5c) corresponding to;Sthere are three cross-
peaks (B-D) from three different CHgroups. Cross-peaks B
and C are from two different methylene groups, and cross-peak

C 29Si D is from a methyl group as expected for; Sin the slice
corresponding tézs; = —9.83 (Figure 5d), which is attributed
to Si, there are two cross-peaks, E which is attributedto
CH; and F which is attributed to Me

The projection and slices from the two-bond experiment
ot contain cross-peaks from the gigroups two bonds from Si

and residual cross-peaks from gHroups directly bound to

4 108 6 4 2 -2 -6 -10 ppm Si. Thefsf; slice atdzs; = 9.95 ppm (Figure 5f), which is
Figure 4. 1D NMR spectra of second generation dendrirger(a) attributed to groups bound to;Sshows a cross-peak A, which
600 MHZH spectrum; (b) 75 MHZ3C spectrum; (c) 59.9 MHZ°Si is attributed to theny-CH, as described above, and a cross-
spectrum. peak B from the3-CH,. This latter cross-peak corresponds to

and —9.83 ppm, respectively. These assignments could be the position of cross-peak B in Figure 5c. These combined data
inferred from their relative intensities and comparison with the prove the chain of atomic connectivities-Siy-CH,—f-CHo—

spectrum ofl in Figure 1c. Siy;.
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Figure 5. H/*CP°Si 3D NMR spectra of second generation dendrirder(a) 3D fif; projection of the one-bond -€Si 'H/*3C/2°Si 3D NMR
spectrum; (b-d) f,f3 slices from the one-bond-€Si *H/*3C°Si 3D NMR spectrum:(bj.f; slice atd 2°%; = 9.95, (c)f:f3 slice atd 2°s; = 7.99, and
(d) fof5 slice atd 2%; = —9.83; (e) 3Df1f; projection of the two-bond €Si *H/*3C/2°Si 3D NMR spectrum; (f-h) f.f; slices from the two-bond €Si
IH/A3CP9Si 3D NMR spectrum: (f)of; slice ato 2% = 9.39, (g)fofs slice atd 2%; = 7.99, and (h¥.fs slice atd 2%; = —9.83.
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The fof5 slice from the two-bond spectrum atss; = 7.99 were employed, then much lower concentrations of species
(Figure 5g), which is attributed to groups bound tg,Shows might be detected.
three cross-peaks B, C, and D which are attributeftGH,
oy-CHa, and Mg groups, respectively, as determined from the ) )
one-bond experiment described above; and two new cross-peaks, 1iple-resonance PFG-3D NMR experiments can be tremen-
A and E, from CH, groups two bonds from §i Cross-peak A dously useful for studying macromolecules without resorting
is in the same position as cross-peak A from thesie in the to isotopic labeling, even when the nuclei involved are present

one-bond experiment (Figure 5b). Therefore, these data establist{? |0W natural abundance. On the basis of the the better
the Sji—fi-CHo—ay-CH,—Sii— connectivities. Cross-peak E is ~ SENSItivity of29Si chemical shift to structural variation$ and

1 1 29q;
in the same position as cross-peak E from thg Siice in the °C resonances can be resolved through the'8DC/ *°Si

one-bond experiment (Figure 5d). Therefore, these data establisri\k‘]'vlR gprrelat_lon e)_ip_erlment_.blByt dlsperlsmg _reﬁonanctehs Ilnto
the Sii—0u-CHp—B-CHy—Sin — connectivities. ree dimensions, it is possible to resolve similar methylene

Similarly, thefaf; slice from the two-bond spectrum corre- resonances, when signals overlap in 1D and ZD NMR. spectra.
sponding tod25g — —9.83 ppm (Figure 5h), which is attributed Once these resonances are resolved, the unique ability of 3D
{0 OroUDS bou?nld to ﬁi. ShOWS TWO Cross- ’eaks E and F which NMR experiments to simultaneously relate the shifts of three
areg attﬁbuted 1o -Ci—| and M rou ps respectively. as coupled nuclei provides unequivocal assignments for all of the
determined f tr']' 2 bond i o pt,d p’b q by, > resonances of both generations of carbosilane dendrimers. These
aeniwg]rissrorgak egnf?;m?nq;(gj”;ns/\?o b?:(;'s ?ro; %\{e, an echniques can also be useful for characterizing star-branched
Cross-peak Cpis in' thé same posititlnon as cross-peak C from th polymers which contain an NMR-active nucleus, polymers with

LT - ) €low concentrations of heteroatoms (e.g., at the chain-end or at
Siy slice in the one-bond experiment (Figure 5c). Therefore, |,\v_occurrence branch point), and many organometallic com-

Conclusion

these redundant data confirm the St -CHy—f-CHz—Sin — pounds. Although the methods are used here to study Si-

Mey connectivities. o . . containing polymers, the technique could be extended to include
Complete atomic connectivities afid, 1*C, and?®Si chemical any NMR-active nuclei which exhibil-coupling tol3C.

shift assignments & are thus obtained, which are summarized o
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the experiment time and signal-to-noise in these spectra, it is
estimated that dendrimers up to fourth or fifth generation might
be characterized with these NMR methods or that impurities at
the level of 5-10% from incomplete growth of one of the

dendrimer arms might be detected!3E or 2°Si isotopic labeling JA9831812



